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ABSTRACT 


Platinum  and  Pt-10°/o  Rh  were  examined  as  potential  ductile 
oxidation  resistant  coatings  for  FS-85  (Cfc-28Ta- 10W- IZr) 
and  TZM  (Mo-0. 5Ti-0. IZr ) .  Oxidation  tests  on  coating 
materials  showed  that  2-mil  thicknesses  would  provide 
over  100  hours  of  protection  up  to  3000°F  in  the  absence 
of  diffusion  degradation. 

Roll  bonded  and  hermetically  sealed  binary  composites 
were  evaluated  for  oxidation  and  diffusion  behavior. 

Coating  lifetimes  of  5  to  15  hours  at  2550°F  were  attained 
before  diffusion  induced  failure  occurred.  No  significant 
differences  were  observed  between  static  and  cyclic  oxida¬ 
tion  behavior.  Failure  mechanisms  of  FS-85  and  TZM  com¬ 
posites  were  shown  to  be  substantially  different  from  each 
other. 

Six  materials  were  evaluated  in  screening  tests  for  poten¬ 
tial  diffusion  barriers.  Only  Zr02  showed  any  merit,  while 
Re,  Au,  A1 ,  BN  and  AI2O3  did  not. 
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I.  INTRODUCTION 


Increases  in  the  efficiencies  of  engines,  and  the  construction  of 
re-usable  space  vehicles,  must  necessarily  be  preceded  by  t‘>e  develop¬ 
ment  of  structural  components  which  can  withstand  high  tempers lute 
oxidizing  environments. 

In  view  of  this,  the  refractory  metals  and  their  alley-)  hive  .  *>;c?i  ved 
considerable  attention.  Many  of  them  are  capable  of  ytoviding  the 
necessary  high  temperature  strength,  hut  lack  sufficient  oxidation 
resistance.  For  this  reason  a  large  effort,  involving  numero.i*;  organi¬ 
zations,  has  been  directed  towards  the  development  of  oxinr r. ion- 
resistant  coatings. 

Silicides,  aluminides,  and  their  modifications  have  been  usud  vitn 
some  degree  of  success  in  coatings ,  These  ate  relatively  br It : le 
substances,  however,  and  their  protective  lives  are  seriouaiy  reduced 
when  subjected  to  thermal  or  mechanical  iatlgue,  or  tv  shock  loading, 

Their  shortcomings  are  magnified  with  increasing  temperature ,  limiting 
the  number  of  situations  in  which  they  may  be  used  effect  ?.viiiy  A*  veil 
as  imposing  serious  restrictions  on  the  design  of  hardware  c'uling  for 
their  use. 

This  program  was  initiated  to  explore  ductile  coating  materials  which 
might,  as  a  consequence  of  their  ductilities,  be  superior  to  previously 
developed  coating.  Specifically,  a  coating  vas  sought  which  would  be 
ductile,  or  at  least  flexible,  and  which  would  provide  100  hours  of 
protection  to  columbium  and  molybdenum  alloy  sheet  at  temperatures  up 
to  3000°F  without  degrading  the  substrate. 

One  molybdenum  and  one  columbium  alloy  were  selected  for  the  investi¬ 
gation.  They  were,  respectively,  TZM  (Mo- . 5Ti- . IZr)  and  FS-85  (Cb-28Ta- 
10W-Zr} .  These  alloys  were  considered  to  be  two  of  the  more  promising 
refractory  metal  alloys  and  were  recommended  for  further  development  by 
the  Refractory  Metal  Sheet  Rolling  Panel  of  the  Materials  Advisory  Board 
(Ref.  1). 

Platinum  and  platinum- rhodium  alloys  were  initially  suggested  as  the 
most  logical  coating  materials.  This  suggestion  was  confirmed  in  an 
extensive  literature  search,  which  led  to  the  selection  of  pure  platinum 
and  the  platinum- 107.  rhodium  alloy  as  coating  materials  for  investigation 
in  this  program.  Past  work  has  indicated  the  necessity  for  the  develop¬ 
ment  of  a  diffusion  barrier  between  these  coatings  and  the  selected  base 
metals  to  prevent  diffusion  which  would  lead  to  degradation  of  the  composites. 

The  first  step  in  the  program  consisted  of  a  thorough  literature  search 
to  obtain  up-to-date  data  on  platinum  and  its  alloys  (principally  oxidation 
data),  coatings  in  general  (Including  compositions,  preparation  techniques, 
test  procedures,  and  test  results),  platinum  coatings  in  particular  and 
on  diffusion  barrier  materials.  Most  of  the  literature  pertinent  to  this 
program  is  referenced  in  this  report  and  has  been  annotated  in  the  biblio¬ 
graphy. 


On  the  basis  of  the  literature  search  the  program  developed  three  major 
areas  of  experimental  investigation: 

1.  Coating  Material  Oxidation 

a.  Base  line  data  for  use  in  judging  the  results  of  tests  on 
coating-base  metal  composites. 

b.  Data  indicating  the  extent  to  which  variations  in  test 
conditions  -  air  flow,  specimen  position,  and  humidity  - 
might  affect  the  oxidation  rate. 

2.  Coating-base  Metal  Composites 

a.  Development  of  preparation  techniques  for  test  samples. 

b.  Development  of  oxidation  test  procedures. 

c.  Investigation  of  the  diffusion  mechanism  leading  to 
coating  failure. 

(1)  Metal lographic  examinations  of  diffusion. 

(2)  Microhardness  traverses  through  zones  of  diffusion. 

(3)  Electron  beam  microprobe  traverses  through  zones 
of  diffusion. 

3.  Diffusion  Barriers 

a.  Development  of  preparation  techniques  for  test  samples. 

b.  Diffusion  "screening"  tests. 

c.  Evaluation  (primarily  meta 1 lographic) . 

A  discussion  of  the  materials  selected  and  the  results  of  the  work  in 
the  three  areas  of  investigation  outlined  above  are  presented  in  the 
following  sections. 
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II.  MATERIALS 


A.  Substrate  Materials 


As  has  been  previously  indicated,  the  molybdenum  and  columbium 
alloys  selected  for  this  investigation  were,  respectively,  TZM 
(Mo- . 5Ti- . IZr)  and  FS-85  (Cb-28Ta- 10W- IZr ) .  They  were  purchased 
from  Fansteel  Metallurgical  Corporation  in  the  form  of  sheet 
approximately  60  mils  thicK.  Results  of  receiving  inspection 
showed  all  of  the  materials  to  be  within  accepted  specifications 
and  generally  of  good  quality.  Certified  chemical  analyses  were 
obtained  for  each  alloy  and  are  presented  in  Table  I. 

In  sheet  form  the  FS-85  alloy  was  easily  given  over  75%  reduction 
in  rolling  with  no  apparent  ill  effects.  As  expected,  however,  it 
was  necessaty  to  "warui  roil"  the  IZM  alloy  to  avoid  cracking. 

The  effect  of  high  temperature  oxidation  on  these  two  alloys 
differs  greatly,  as  the  oxides  formed  from  TZM  are  predominantly 
volatile,  while  the  oxides  from  the  FS-85  are  not. 


B.  Coating  Materials 

Of  the  metals  and  alloys  presently  available,  only  platinum  and 
platinum- rhodium  alloys  with  40%  or  less  rhodium  have  the  necessary 
oxidation  resistance,  ductility  and  melting  point  to  meet  the 
coating  objectives  of  this  program. 

It  is  perhaps  interesting  to  note  that  only  gold  or  rhodium  may  be 
added  to  platinum  without  reducing  its  oxidation  resistance.  Plati¬ 
num-gold  alloys  have  been  ignored  because  of  the  decrease  in  refrac¬ 
toriness  produced  by  gold  additions,  and  the  platinum-rhodium  alloys 
containing  greater  than  407.  rhodium  have  been  ignored  because  they 
are  lacking  in  ductility. 

Two  coating  materials  were  selected  for  these  studies:  (1)  platinum, 
and  (2)  its  107.  rhodium  alloy  (to  represent  the  ductile  platinum- 
rhodium  alloy  group). 

Analyses  of  the  coating  materials  used  in  the  studies  discussed  in 
this  report  are  given  in  Tables  II,  III,  and  IV. 

In  one  instance  the  platinum  received  was  found  to  contain  a  rather 
significant  amount  of  palladium,  about  2.57.,  as  indicated  in 
Table  III.  The  scarcity  of  platinum  at  the  time  woul  d  have  neces¬ 
sitated  a  test  delay  of  several  weeks  before  receipt  of  pure  plati¬ 
num  replacement  material.  Normally  such  a  wait  would  not  have  been 
necessary;  however,  platinum  had  recently  become  more  difficult  to 
acquire  on  the  open  or  "free"  market.  Its  scarcity  has  primarily 
been  due  to  the  unavailability  of  Russian  platinum,  sin.e  her 
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current  internal  consumption  for  new  chemical  plants  has  adsorbed 
such  large  quantities.  South  African  production  increases  and  the 
expected  return  of  Russian  platinum  to  the  free  market  should  shortly 
relieve  the  situation  (Ref.  2). 

In  view  of  the  possible  delay,  the  probability  of  obtaining  useful 
results  from  the  platinum-palladium  alloy  was  given  considerable  atten¬ 
tion  and  the  alloy  was  eventually  used  in  a  study.  It  will  be  discussed 
further  in  a  later  section  of  this  report. 


C.  Diffusion  Barrier  Materials 


Seven  materials  were  selected  as  potential  diffusion  barrier  formers: 

(1)  Rhenium 

(2)  Tungsten 

(3)  Gold 

(4)  Aluminum 

(5)  Aluminum  oxide 

(6)  Zirconium  dioxide 

(7)  Boron  nitride 


All  of  these  materials  except  gold  and  aluminum  are  more  refractory 
than  platinum,  and  it  was  expected  that  the  gold  and  aluminum  would 
form  high-melting-point  internets  1 1 ic  compounds  with  the  substrate 
metals . 

These  materials  and  the  basis  for  selection  of  each  are  more  thoroughly 
discussed  in  a  later  section  of  tl is  report. 


III.  COAT ING  METAL  OXIDATION 


A.  General  Discussion 


A  review  of  literature  produced  at  least  13  papers  concerned  with 
the  mechanism  and  rates  of  platinum  and  rhodium  oxidation  published 
since  1957  (Ref.  3-14).  While  a  number  of  variables  affecting  the 
oxidation  rates  have  been  identified,  the  complex  problem  of  separa¬ 
ting  their  effects  quantitatively  remains. 

The  work  of  Alcock  and  Hooper  (Ref.  5)  and  of  Shafer  and  Tebben 
(Ref.  7)  Indicated  that  the  oxidation  of  platinum  and  rhodium  at 
high  temperatures  occurs  at  a  linear  rate  through  the  formation  of 
their  respective  volatile  oxides  -  PtC>2  and  RhCH.  The  type  of 
reaction  taking  place  is  shown  below. 


Pt  ( sol  id) +  G2  (gas)  -  Pt02  (gas) 


Important  factors  affecting  the  rate  of  oxidation  and,  therefore, 
their  subsequent  losses  of  we  ight  as  volatile  oxides  are: 


1.  Temperature.  Oxidation  rate  increases  with  increasing 
temperature. 

2.  Oxygen  pressure.  Oxidation  rate  increases  with  increasing 
oxygen  pressure. 

3.  Flow  rate  of  oxyger  over  the  sample.  Oxidation  rate  in¬ 
creases  with  increasing  flow  rate. 

4.  Degree  of  saturation  of  the  atmosphere  above  the  sample 
with  the  respective  volatile  oxide.  Oxidation  rate  in¬ 
creases  with  decreasing  saturation  of  the  atmosphere  with 
the  respective  volatile  coating  oxides. 


It  is  interesting  to  note  that  the  fourth  factor,  the  degree  of 
saturation  of  the  atmosphere  above  the  sample  with  volatile  oxide, 
may  lead  to  variations  in  oxidation  rate  with  sample  placement, 
size,  and  shape.  It  is  worth  noting  that  very  large  differences 
in  oxidation  rates  have  been  found  in  the  literature  for  platinum 
and  rhodium,  and  it  appears  virtually  certain  that  this  factor  is 
predominantly  responsible. 

Platinum  and  rhodium  have  very  similar  volume  oxidation  rates  at 
high  temperatures  and,  therefore,  neither  constituent  is  lost 
preferentially  from  any  of  these  alloys.  Addition  of  rhodium  to 
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platinum  has  the  added  advantage  that  It  raises  its  melting  point, 
although  it  decreases  its  ductility  to  the  point  where  alloys  con¬ 
taining  above  40%  rhodium  are  not  considered  workable  (Ref.  15). 


B.  Coating  Metal  Oxidation  Experiments  Conducted  in  This  Program 

Because,  as  Indicated  above,  the  effects  of  the  factors  controlling 
platinum  and  rhodium  oxidation  rates  are  not  fully  understood  quanti¬ 
tatively,  a  series  of  oxidation  experiments  were  included  in  this 
program.  The  purpose  of  this  work  was  to  provide  data  from  tests 
which  would  be  performed  under  conditions  that  would  be  duplicated  in 
later  tests  on  composites;  i.e.,  base  line  data,  and  to  indicate  to 
what  extent  certain  variables  -  air  flow,  specimen  position,  and 
humidity  -  might  affect  the  oxidation  rate.  The  tests  that  were  run 
may  be  divided  into  three  categories  according  to  the  variables  inves¬ 
tigated: 


1.  Rate  of  oxidation  as  a  function  of  temperature  and  air  flow 
rate. 

2.  The  effect  of  specimen  position  on  rate  of  oxidation. 

3.  The  effect  of  humidity  on  rate  of  oxidation. 

C.  Tests 


The  oxidation  test  setup  used  in  these  experiments  is  shown  in  Fig.  1. 
The  test  furnace  is  a  horizontal  tube  furnace  using  a  silicon  c&rbldc 
spiral  heating  element  enclosing  a  1-1/4  inch  ID  mullite  combustion 
tube.  The  furnace  temperature  was  controlled  to  +20°F  at  2550°F.  The 
coating  teat  samples  had  dimensions  of  approximately  1  inch  by  3/4  inch 
by  0.005  inches.  They  were  admitted  to  the  furnace  for  testing  in 
alumina  combustion  boats.  Specific  details  of  the  respective  tests  arc 
presented  below. 

I .  Rate  of  Oxidation  Loss  as  a  Function  of  Flow  Rate  and  Temperature 

The  initial  tests  in  this  study  were  conducted  at  2200°F  and  2550°F 
in  air  flows  of  24  and  240  1pm  (linear  flow  rate  at  room  temperature 
and  pressure/  for  comparison  with  data  obtained  by  Battelle  (Ref.  9) 
and  by  General  Electric  (Ref.  11).  Later  some  of  the  flow  rate  data 
was  extended  tS“480  and  960  ipm,  and  a  single  test  was  made  at  2800°F 
with  an  air  flow  rate  of  24  1pm. 

In  early  tests  two  samples  were  tested  at  a  time,  but  when  the 
differences  in  oxidation  rates  of  the  samples  indicated  that 
position  would  have  a  significant  effect,  the  testing  was  limited 
to  one  sample  at  a  time.  The  results  of  the  tests  on  these  single 
samples  are  given  in  Table  V. 
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An  interesting  comparison  can  be  made  between  the  data  obtained  in 
the  course  of  this  program  and  the  data  obtained  by  Battelle  (Ref.  9) 
and  General  Electric  (Ref.  11),  through  the  use  of  an  Arrhenius  plot, 
as  in  Fig.  2.  The  oxidation  data  obtained  in  this  program  compares 
favorably  with  that  of  General  Electric  at  a  flow  of  about  240  ipm. 
However,  data  obtained  at  an  air  flow  of  24  ipm  differs  significantly 
from  that  obtained  by  Battelle  at  a  similar  flow  rate.  A  likely  source 
of  this  discrepancy  is  the  difference  between  the  surface  areas  of  the 
samples  used  here  and  those  used  at  Battelle.  The  specimens  used  in 
their  program  were  6  to  9  inches  long  by  0.7  to  0.4  inches  wide  by 
0.003  inches  thick  and  they  were  coiled  around  the  post  of  a  quartz 
suspension  basket  for  testing.  They  were,  therefore,  relatively 
large  samples  when  compared  to  the  0.500  inch  by  0.500  inch  by  0.02 
inch  samples  used  by  General  Electric,  or  to  the  rectangular  1  inch 
by  3/4  inch  by  0.005  inch  samples  of  this  program.  The  Battelle 
samples,  then,  had  about  10  times  as  much  surface  area  as  the  samples 
used  in  this  program  and  30  times  as  much  as  the  samples  used  by 
General  Electric.  Increases  in  surface  area,  particularly  at  low 
flow  rates,  will  cause  corresponding  Increases  in  the  concentration 
of  oxide  vapor  (increases  in  the  degree  of  saturation)  in  the  air 
directly  above  the  sample.  This,  in  turn,  will  result  in  oxidation 
losses  which  will  be  lower  than  those  obtained  under  conditions  where 
the  oxide  concentration  is  lower.  Differences  due  to  this  factor,  as 
previously  pointed  out,  can  be  quite  large  (>factor  of  2)  and  both 
Betteridge  and  Rhys  (Ref.  6)  and  Hill  and  Albert  (Ref.  12)  have  empha¬ 
sized  this  point. 

It  is  Interesting  that  the  slopes  of  the  Arrhenius  plots  in  Fig.  2 
are  quite  similar.  This  Indicates  that  the  activation  energies  are 
nearly  equivalent,  as  might  be  expected.  Due  to  differences  or 
insufficient  specification  of  testing  conditions,  the  oxidation 
rates  obtained  by  Fryburg  and  Petrus  (Ref.  8),  Hill  and  Albert 
(Ref.  12),  and  by  Phillips  (Ref.  13),  are  not  directly  comparable 
with  those  presented  in  Fig.  2.  However,  in  the  absence  of  anything 
that  might  catalyze  or  Inhibit  the  oxidation  reaction,  the  activation 
energies  obtained  from  their  data  should  essentially  match  those 
obtained  from  the  plots  of  Fig.  2.  The  activation  energies  from 
all  these  sources  are  presented  in  Table  VI. 

Only  one  value,  that  reported  by  Phillips  (Ref.  13),  differs  greatly 
from  the  others.  The  uniformity  and  linearity  of  the  oxidation  rates 
found  in  his  published  data  indicate  that  his  experiments  were  well 
controlled  and  the  cause  of  the  variance  is  not  evident. 

As  shown  in  Table  V,  at  2550°F  platinum  oxidation  loss  rates  were 
obtained  for  four  different  air  flow  rates.  The  significance  of 
this  data  is  more  clearly  seen  in  the  plot  of  loss  rate  as  a 
function  of  air  flow  rate  shown  in  Fig.  3.  The  rate  of  oxidation 
weight  loss  is  seen  to  increase  with  increasing  rate  of  air  flow, 
but  at  a  diminishing  rate,  so  that  a  virtually  constant  rate  of 
weight  loss  is  obtained  at  air  flow  rates  above  960  ipm.  This 
relationship  has  been  established  for  only  one  level  of  temperature, 
namely  2550°F,  but  it  appears  reasonable  to  assume  that  it  would 
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hold  true  for  other  levels  of  temperature,  although  the  levelling 
off  would  likely  occur  for  some  other  value  of  air  flow  rate. 

This  behavior  has  been  attributed  to  the  belief  that  weight  loss 
at  high  air  flow  rates  is  controlled  by  the  rate  of  oxide  forma¬ 
tion  rather  than  by  the  availability  of  oxygen  for  the  reaction, 
or  removal  of  the  oxidation  products,  as  is  the  case  at  low  air 
flow  rates. 

As  was  noted  in  the  preceding  section,  position  lias  a  readily 
observable  effect  on  the  rate  of  oxidation.  Since  it  was  found 
convenient  to  conduct  testa  on  the  coating-hase  metal  composites 
three-at-a-tlme ,  an  investigation  into  the  positioning  effects 
was  undertaken.  Figs,  4  ard  5  show  the  variations  in  rates 
resulting  from  some  positioning  differences  with  platinum  samples 
at  2 5 bO°F  in  a  240  ipm  air  flow.  For  three  samples  leaning 
against  the  sides  of  the  alumina  combustion  boat,  a s  in  Fig.  4. 

.ill  of  the  samples  have  oxidation  rates  (weight  losses)  lower 
than  that  of  singly  tested  samples.  Also,  the  sample  farthest 
upstream  in  the  air  flow  has  the  greatest  rate  of  oxidation,  and 
the  one  farthest  downstream  has  the  lowest  -  over  50%  lower  than 
would  be  expected  for  a  singly  tested  sample.  This  gives  some 
indication  of  how  important  a  factor  the  degree  of  Pt02  satura¬ 
tion  of  the  atmosphere  can  be. 

Another  test,  conducted  with  three  samples  lying  flat  across  the 
top  of  the  combustion  boat  produced  some  additional  interesting 
data  on  the  effect  of  position  -  as  shown  in  Fig.  5.  While,  as 
in  the  previous  experiment,  the  oxidation  rates  are  seen  to  de¬ 
crease  from  upstream  to  downstream,  the  rate  is  much  higher  with 
the  flat-lying  upstream  sample  which  has  an  oxidation  rate  actu¬ 
ally  35%  higher  than  expected  for  a  singly  tested  leaning  sample 
and  70%  above  the  leaning  upstream  sample  from  the  test  which 
included  three  leaning  samples.  It  is  likely  that  these  position¬ 
ing  effects  would  not  lead  to  as  great  differences  in  oxidation 
rates  at  higher  flow  rates;  however,  this  supposition  has  not  been 
confirmed. 


The  Effect  of  Humidity  on  the  Rate  of  Oxidation 

Previous  studies  of  the  oxidation  of  platinum  metals  in  flowing 
air  have  generally  used  dry  air.  Nc  reference  was  found,  however, 
to  indicate  whether  or  not  moisture  might  have  any  influence  on 
the  rate  of  oxidatioi  of  the  platinum  metals.  As  the  proposed 
oxidation-resistant  platinum  coatings  would  likely  be  expected  to 
offer  protection  in  air  with  varying  degrees  of  moisture  content, 
it  was  decided  that  the  effect  of  humidity,  if  any,  on  the  high 
temperature  oxidation  of  platinum  should  be  determined. 

Two  tests  were  conducted,  one  at  2550°F  and  the  other  at  2200°F. 
Fur  each  test,  the  air  used  was  bubbled  through  water  at  room 
temperature  just  prior  to  entry  of  the  test  furnace  at  a  flow 


8 


rate  of  24  1pm,  The  water  picked  up  In  the  process  (gas  and 
liquid)  was  found  to  raise  the  dew  point  of  the  air  to  about  120°F, 
whereas  the  dew  point  of  air  used  in  our  previously  discussed 
oxidation  experiments  has  been  about  -40°F.  Dew  points  were 
measured  after  the  air  passed  through  the  furnace.  The  results 
of  these  tests  showed  the  increase  in  humidity  to  produce  no  corre¬ 
sponding  Increase  in  the  rate  of  oxidation.  Apparently,  the  plati¬ 
num  and  water  vapor  do  not  react  under  these  conditions.  The  test 
results  are  given  in  Table  VII  in  comparison  with  results  obatined 
in  dried  (-40°F  dew  point)  air. 


D.  Discussion  of  Results 


On  the  basis  of  the  data  obtained  in  this  investigation,  platinum  or 
platinum-10%  rhodium  coatings  2  to  3  mils  thick  are  capable  of  pro¬ 
viding  oxidation  resistance  far  in  excess  of  the  program  objective 
of  100  hours  at  temperatures  up  to  3000°F,  providing  diffusion- induced 
degradation  problems  can  be  overcome. 

While  platinum  is  very  expensive  and,  at  present  prices  ($90  per  ounce), 
with  a  square  foot  of  platinum  coating  material  2  mils  thick  costing 
about  $300,  in  some  cases  it  could  be  used  very  economically.  One 
possible  use  would  be  on  leading  edge  material  for  a  re-usablc  space 
vehicle,  where  its  low  emissivity  and  its  low  oxidation  rate  at  low 
oxygen  pressures  would  be  important. 

The  oxidation  resistance  of  the  plat  in  urn- 107.  rhodium  alloy  did  not 
appear  to  be  significantly  greater  than  that  of  pure  platinum.  On 
the  basis  of  oxidation  resistance  alone,  then,  the  higher  cost  of  the 
alloy  would  not  be  justified.  Other  properties,  such  as  improved  hot 
strength,  compatibility  with  the  substrate  and  melting  point,  may 
warrant  its  use  in  some  cases. 
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IV.  COATING- BASE  METAL  COMPOSITES 


A.  General  Discussion 


Platinum  and  the  platinum- rhodium  alloys  are  ruled  out  as  basic 
materials  for  refractory  structural  members  because  they  have  a  com¬ 
paratively  low  strength- to-weight  ratio  at  high  temperature  and  would 
be  too  costly  in  any  event.  However,  in  view  of  their  excellent  oxi¬ 
dation  resistance  and  ductility,  it  is  somewhat  surprising  that  they 
have  received  only  a  small  amount  of  attention  as  possible  high  temp¬ 
erature  oxidation-reslstan"  coatings.  There  are,  apparently,  two 
reasons  behind  this  lack  of  attention:  (1)  the  high  cost  of  the 
material,  and  (2)  a  feeling  by  many  that  oxygen  would  rapidly  diffuse 
through  platinum  at  high  temperatures. 

As  has  been  pointed  out  in  the  preceding  section  of  this  report, 
there  is  little  doubt  that  platinum  and  platinum- rhodium  oxidation 
rates  are  sufficiently  low  to  make  their  use  economically  feasible 
for  many  applications.  In  the  absence  of  diffusion- induced  coating 
failure  or  incompatibility  of  coating  material  with  substrate,  the 
coating  materials  should  easily  meet  the  ambitious  coating  require¬ 
ments  of  this  program. 

Rhys  (Ref.  16)  investigated  rather  thick  platinum  coatings  (almost 
20  mil*  thick)  for  high  temperature  oxidation  protection  of  molyb¬ 
denum  rods  and  substantiated  the  existence  of  a  diffusion  problem 
leading  to  greatly  reduced  protective  lives  for  platinum  coatings  on 
molybdenum.  To  overcome  the  diffusion  problem  he  sought  diffusion 
barrier  materials  for  use  between  the  platinum  and  molybdenum  to  stop 
the  possible  inward  diffusion  of  oxygen  and/or  outward  diffusion  of 
molybdenum.  Alumina  and  gold  were  used  with  some  degree  of  success 
at  2200°F,  although  his  coatings  had  protective  lives  far  short  of 
what  might  be  expected  with  the  complete  absence  of  diffusion. 

The  diffusion  problem  remains,  then,  a  primary  Impediment  to  the  use 
of  platinum  or  platinum- rhodium  alloy  coatings  for  the  high  tempera¬ 
ture  oxidation  protection  of  refractory  metals. 

Only  one  other  study  of  platinum  or  platinum- rhodium  alloy  coatings 
for  high  temperature  oxidation  protection  of  refractory  metals  was 
found  in  the  literature  (Ref.  17),  and  the  electroplated  coatings  on 
molybdenum  for  that  investigation  were  too  porous  for  accurate  ap¬ 
praisal  of  the  coating  capability. 

While  the  diffusion  problem  has  not  been  clearly  defined,  it  appears 
that  the  idea  of  oxygen  diffusing  through  a  pure  platinum  coating  to 
oxidize  a  refractory  metal  substrate  is  not  correct.  Norton  (Ref.  i8) 
has  shown  oxygen  diffusion  in  platimma  to  be  very  low  at  2600°F.  In 
addition,  later  work  by  Betteridge  and  Rhya  (Ref.  6)  indicated  that 
diffusion  of  oxygen  through  pure  platinum  would  not  lead  to  oxidation 
of  tungsten  or  molybdenum.  However,  Betteridge  and  Rhys  did  show 
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that  oxygen  does  diffuse  through  platinum  alloyed  with  small  amounts 
(about  2%)of  either  tungsten  or  molybdenum,  and  that  internal  oxida¬ 
tion  does  occur  in  these  alloys. 

Although,  on  the  basis  of  the  work  discussed  above,  it  was  almost 
assured  that  it  would  be  necessary  to  develop  diffusion  barriers  for 
use  between  the  platinum  coatings  and  substrate  materials,  additional 
work  on  coating* base  metal  composites  was  considered  desirable  and 
was  undertaken  with  two  objectives  in  mind: 

(1)  To  determine  just  how  good  the  respective  coating-base 
metal  combinations  were  -  providing  "base  line  data"  to 
be  used  for  comparison  with  the  results  of  tests  on 
samples  containing  diffusion  barriers. 

(2)  To  obtain  a  better  understanding  of  the  coating  failure 
mechanism  and,  therefore,  perhaps  to  provide  a  better 
insight  into  what  materials  and  modifications  would 
best  improve  the  respective  composites. 


B.  Preparation  and  Testing  of  Samples 

Nc  difficulties  were  encountered  in  roll  bonding  the  prescribed 
coatings  and  substrate  metals.  However,  coating  samples  without 
edge  protection  were  found  to  fail  too  rapidly  in  testing  to  give 
useful  information.  Because  of  this,  several  techniques  of  apply¬ 
ing  edge  protection  were  considered  and  used  to  prepare  samples. 

On  the  basis  of  the  results  of  tests  on  these  early  samples,  a 
technique  was  devised  whereby  the  base  metal  was  hermetical  iy 
sealed  within  the  coating.  This  was  done  by  etching  away  base 
metal  at  the  sample  edges  with  an  acid  solution  (4OHF-3OHNO3- 
3OH2SO4)  and  hot  press  bonding  the  resultant  overhanging  coating 
metal  layers  together.  The  first  teat  samples  prepared  by  this 
method  were  discs  1-1/4  inch  in  diameter  and  20  mils  thick,  which 
had  to  be  bent  to  allow  adbsittarce  to  the  1  1/4  inch  ID  tube  of 
the  test  furnace.  Later  samples,  prepared  using  the  setup  shown 
in  Fig.  6,  were  rectangular  in  shape,  1  inch  long  by  3/4  inch  wide 
by  20  mils  thick.  These  samples  had  about  the  sa"t  surface  areas 
as  the  coating  metal  oxidation  test  samples  and  were  easily  ad¬ 
mitted  to  the  test  furnace. 

High  temperature  structural  applications  ct  the  refractory  metals 
commonly  use  sheet  in  the  range  of  10  to  60  mils  thick.  Therefore, 
the  coatings  to  be  used  must  be  kept  fairly  thin  in  order  to  main¬ 
tain  a  satisfactory  strength-to-welght  ratio.  For  this  reason, 
the  coatings  prepared  for  this  investigation  have  been  limited  to 
2  to  4  mils  thick.  Cost  considerations  would  also  dictate  that 
minimum  practical  thicknesses  be  employed. 

The  same  oxidation  test  equipment  used  for  the  costing  material 
oxidation  teats  was  used  for  the  study  of  the  composites. 
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In  early  tests  platinum  and  platinum-10%  rhodium  clad  FS-85  and  TZM 
test  samples  were  tested  singly.  Temperature  and  air  flow  conditions 
were  similar  to  those  used  in  the  coating  metal  tests,  with  most  of 
the  tests  being  conducted  at  2550°?  in  a  24  ipm  air  flow.  2550°F 
seemed  most  appropriate  as  a  test  temperature  since  it  is  at  about 
this  temperature  that  the  oxidation  resistance  of  the  silicide  and 
aluminlde  coatings  are  seen  to  become  particularly  inadequate. 

In  the  course  of  testing,  the  samples  were  cooled  to  room  temperature 
and  examined  for  weight  and  surface  changes  in  cycles  of  one  to  three 
hours.  The  following  observations  were  derived  from  these  initial 
tests: 

(1)  Oxidation  of  FS-85  clad  with  platinum  or  platinum-107, 
rhodium  occurs  through  the  penetration  of  the  cladding  by 
oxygen,  resulting  in  the  localized  formation  of  oxide 
beneath  the  cladding  surface.  The  diffusion  of  oxygen  is 
believed  to  occur  only  after  the  coating  layer  has  been 
altered  by  diffusion.  This  oxide  buildup  increases  the 
weight  of  the  sample  during  testing  and  produces  blisters 
beneath  the  cladding  which  eventually  break,  exposing  the 
base  metal  oxide.  Until  these  breaks  occur,  however,  the 
weight-loss  rate  is  essentially  identical  to  that  for  the 
coating  material  alone. 

(2)  Oxidation  of  TZM  clad  with  platinum  or  platinum- 10%  rhodium 
occurs  through  diffusion  of  molybdenum  co  the  cladding 
surface  where  it  is  removed  as  oxide  vapor,  leaving  discon¬ 
tinuous  voids  beneath  the  coating.  As  a  result  of  this 
permeation  of  the  platinum  by  the  molybdenum,  the  weight- 
loss  rates  for  these  composites  become  significantly  higher 
than  those  obtained  for  the  coating  metal  alone. 

Moat  of  the  early  teats  will  be  ignored  in  this  discussion,  as  imper¬ 
fect  edge  protection  procedures  used  in  the  preparation  of  the  test 
samples  often  led  to  erratic  gain*  and  losses  of  weight  in  the  course 
of  testing  and  resulted  in  some  uncertainty  in  the  identification  cf 
coating  failure  times.  Only  one  of  the  early  tests  is  felt  to  have 
sufficient  merit  for  discussion  here,  primarily  because  the  sample 
appeared  to  be  well  sealed  and  it  was  conducted  at  2200°F  -  a  tempera¬ 
ture  not  used  in  later  tests.  The  weight  changes  versus  time  at  temp¬ 
erature  obtained  for  that  test  are  presented  in  Fig.  7.  If  failure 
is  to  be  indicated  by  the  first  appearance  of  oxide  blisters  on  that 
FS-85  base  sample,  the  coating  had  a  protective  lifetime  of  49  hours. 

As  the  sample  preparation  technique  was  perfected  and  more  knowledge 
was  gained  as  to  the  mechanism  of  coating  failure,  a  more  sophisti¬ 
cated  testing  and  evaluation  procedure  was  devised.  Initial  oxidation 
tests  at  2550°F  showed  diffusion  induced  coating  failure  to  be  so 
rapid  that  coating  thickness  losses  were  negligible.  Therefore, 
positioning  had  virtually  no  effect  on  the  protective  lifetimes  of 
coatings  on  samples  tested  st  the  same  temperature.  Thus  it  appeared 
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that  several  composites  might  be  tested  at  once  jnder  equivalent  con¬ 
ditions  of  time  and  temperature,  thereby  speeding  up  testing.  On 
this  basis  it  was  decided  that  three  samples  would  be  tested  at  a 
time:  (1)  a  coating/FS-85  sample,  (2)  a  coating/TZM  sample,  and 
(3)  a  platinum  sample  to  serve  as  a  standard  for  comparison.  For 
these  tests,  samples  were  heated  in  a  240  ipm  air  flow  at  2550°F  for 
one-hour  periods  until  failure  occurred.  Observations  of  weight  and 
surface  changes  were  made  at  room  temperature  following  each  hour  of 
exposure. 

It  was  planned  that  the  tests  would  be  made  first  with  platinum 
coatings  and  then  with  platinum- 107.  rhodium  coatings.  However,  as 
previously  mentioned,  a  batch  of  platinum  obtained  for  the  prepara¬ 
tion  of  test  samples  was  found  to  contain  about  2.57.  palladium  as 
an  impurity.  In  deciding  whether  or  not  the  palladium  contamination 
present  in  this  material  should  rule  out  its  use,  the  properties  of 
palladium  were  considered  closely. 

Palladium  has  been  reported  to  have  a  weight- loss  rate  in  air  approxi¬ 
mately  equal  to  that  of  platinum  at  2370°F,  but  with  increasing  temp¬ 
erature  the  rate  increases  well  above  that  of  platinum.  Also,  its 
weight  losses  in  air  do  not  indicate  its  true  rate  of  oxidation  which 
may  be  obscured  because  c  its  - 

(1)  Volatility.  Its  weight  losses  in  nitrogen  at  2730°F  are 
about  five  times  that  for  platinum  in  air  at  that  tempera¬ 
ture  (Ref.  12). 

(2)  Permeability  to  oxygen.  It  has  an  oxygen  solubility  of 
0.637.  at  2?00°F  (Ref.  6). 

As  a  further  shortcoming,  its  melting  point  is  only  2830°F. 

It  was  believed,  however,  that  these  deficiencies  might  be  of  little 
significance  when  the  palladium  was  present  in  as  small  a  quantity 
as  was  found  here.  In  view  of  this,  and  the  delay  expected  in  ob¬ 
taining  pure  platinum,  it  was  felt  that  samples  with  the  impure 
coatings  would  be  useful  in  the  development  and  Improvement  of  the 
testing  and  evaluation  techniques.  Platinum  of  satisfactory  purity 
was  subsequently  received  for  the  further  evaluation  of  the  binary 
composites. 

In  early  tests,  changes  in  rate  of  weight  loss  were  considered  the 
beat  indications  of  coating  failure.  However ,  it  was  difficult  to 
use  this  criteria  on  the  platinum-2.57,  palladium  clad  samples,  and 
the  tests  were  conducted  to  well  beyond  what  was  later  acknowledged 
to  be  the  point  of  coating  failure.  The  difficulty  arose  from  the 
preferential  loss  of  palladium  from  the  coating,  yielding  a  weight- 
loss  rate  initially  much  higher  than  for  pure  platinum,  which  de¬ 
creased  with  time  at  temperature  as  palladium  was  depleted  from  the 
alloy  by  volatilization. 
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Fig.  8  shows  weight  loss  as  a  function  of  time  for  the  pure  platinum 
standard  and  for  the  platinum-2 .57.  palladium  clad  FS-85  and  TZM 
samples  at  2550°F  in  a  240  ipm  air  flow.  Fig.  9  shows  the  same 
relationship  for  a  sample  of  platinum-2 . 5%  palladium  tested  singly 
under  similar  conditions  of  temperature  and  air  flow. 

In  order  to  help  show  how  oxygen  had  affected  the  samples,  both  exter¬ 
nally  and  internally,  the  tests  described  in  the  paragraph  above  were 
re-run  in  nitrogen,  producing  some  very  interesting  differences  in 
sample  surface  condition.  The  relation  of  weight  change  with  time 
obtained  in  these  tests  is  shown  in  Figs.  10  and  11.  Pictures  of  the 
surface  condition  of  the  platinum-2. 5%  palladium  clad  FS-85  and  TZM 
samples  and  the  platinum-2 . 5%  palladium  sample  subsequently  tested  in 
air  are  shown  in  Figs.  12,  13,  and  14  at  the  beginning  of  testing. 

The  platinum-2 . 5%  palladium  clad  FS-85  and  TZM  samples  are  shown  with 
the  platinum-2 .5%  palladium  sample,  at  their  respective  failure  times 
in  Figs.  15  and  16,  and  Figs.  17  and  18.  Pictures  of  samples  tested 
similar  lengths  of  time  in  nitrogen  are  shown  in  Figs.  19,  20,  21,  22, 
23,  24,  and  25.  Grain  boundaries  are  readily  apparent  after  testing 
as  a  result  of  thermal  etching. 

The  platinum-2 . 5%  palladium  clad  pS-85  sample  tested  in  air  is  seen 
to  have  a  surface  appearance  differing  little  from  that  of  pure  plati¬ 
num  or  platinum-2 . 57.  palladium,  except  for  water  droplet-like  spots  on 
the  surface  of  the  composite  which  were  found  to  originate  from  "rolled 
in"  surface  impurities.  The  sample  tested  in  nitrogen,  however,  is 
substantially  different,  as  small  crystals  are  seen  to  have  formed  on 
its  surface.  In  passing,  it  is  worth  noting  that  "rolled  in"  surface 
impurities  were  virtually  eliminated  after  this  point  as  a  result  of 
scrupulous  care  of  rolling  equipment. 

Unlike  the  FS-85  base  sample,  the  platinum-2. 5%  palladium/TZM  sample 
tested  in  air  does  not  have  a  surface  appearance  similar  to  that  of 
pure  platinum  or  platinum-2 . 57.  palladium.  Its  surface  appearance  is 
irregular,  almost  as  though  it  had  been  "shot  peened."  The  sample 
tested  in  nitrogen,  like  the  FS-85  base  sample,  is  covered  by  many 
small  crystals. 

Observations  made  on  the  samples  tested  in  nitrogen  showed  surface 
crystal  formation  to  begin  after  just  a  few  hours  of  testing  -  long 
before  the  time  required  to  produce  coating  failure.  The  uniform 
distribution  of  the  crystals  on  both  of  the  coating  clad  FS-85  and 
TZM  samples  tested  in  nitrogen  indicates  that  intergranular  diffusion 
did  not  predominate. 

The  only  notable  surface  changes  that  have  been  seen  on  pure  platinum 
samples  in  the  course  of  testing  were  grain  boundary  shifts. 

For  the  tests  on  platinum  and  plat inum- 10/.  rhodium  clad  samples  it 
was  considered  desirable  to  discontinue  testing  as  soon  after  coati  ng 
failure  as  possible  so  tliat  destructive  evaluation  procedures,  such 
as  met  a  1 lograph ic  examination  of  sample  cross  sections,  mi  ghl  be  used 
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tc  identify  some  of  the  internal  conditions  associated  with  sample 
failure.  The  following  criteria  were  used  to  identify  the  time  of 
coating  failure: 

(1)  For  FS-85  base  samples,  failure  was  considered  to  have 
occurred  when  either  blisters  appeared  in  the  coating  or 
when  a  weight  gain  was  noted. 

(2)  For  TZM  base  samples,  failure  was  considered  to  have 
occurred  when  the  rate  of  weight  loss  was  seen  to  be  at 
least  three  times  that  for  the  coating  material  alone. 

It  should  be  noted  that  a  weight  Increase  equivalent  to  the  sens!* 
tlvlty  of  the  balance  used,  0.1  mg,  could  produce  a  cube  of  colisa- 
blum  oxide  with  sides  of  about  3  mils.  Also,  a  loss  of  0.1  mg  from 
a  TZM- base  sample  would  be  equivalent  to  a  2 -mil  cube  of  molybdenum. 
Therefore,  significant  changes  may  take  place  In  the  course  of  test¬ 
ing  at  spots  along  the  coatlng-subatrate  Interface  without  any 
significant  difference  in  rate  of  weight  change,  and  the  time  at 
which  oxidation  of  the  base  metal  begins  is  difficult  to  Identify 
with  great  exactness. 

The  platinum  and  platinum-IOZ  rhodium  clad  samples  were  tested  in 
the  same  manner  as  the  platinum-2.31  palladium  clad  samples  except 
that  testing  was  stopped  at  their  respective  coating  failure  times 
as  determined  by  the  criteria  presented  above.  Time  versus  weight- 
loss  plots  for  platinum  clad  and  pure  platinum  samples,  tested 
together  in  air  and  similarly  in  nitrogen,  are  given  In  Figs.  26 
and  27.  Pictures  of  the  surfaces  of  samples  tested  In  air  for  the 
beginning  of  testing  and  at  coating  failure  are  presented  In  Figs. 
28,  29,  30,  and  Figs.  31,  32,  33,  and  34,  respectively. 

Pictures  of  the  samples  tested  In  nitrogen  under  similar  conditions 
are  shown  in  Figs.  35,  36,  37,  38,  39,  40,  and  41. 

The  time  versus  weight- loss  plots  for  pure  platinum  and  platinum- 10X 
rhodium  clad  samples  tested  in  air,  and  for  a  pure  platinum-101 
rhodium  sample  tested  singly  under  similar  air  flow  and  temperature 
conditions,  are  given  in  Figs.  42  and  43.  Plots  for  samples  tested 
in  the  same  manner  in  a  nitrogen  atmosphere  are  given  in  Figs.  44 
and  45.  Pictures  of  the  samples  tested  in  air  for  the  beginning  of 
testing  and  at  coating  failure  are  presented  in  Figs.  46,  47,  and 
48,  and  Figs  49,  50,  51,  and  52,  respectively.  Pictures  of  samples 
tested  in  nitrogen  under  similar  conditions  are  presented  In  Figs. 
53,  54,  and  55,  and  Figs.  56,  57,  58,  and  59. 

Although  only  a  limited  number  of  tests  have  been  made  it  appears 
that  no  coating-substrate  combination  tested  could  be  considered 
significantly  superior  to  the  others.  Protective  coating  lives  of 
only  5  to  15  hours  were  attained  at  2550°F  -  well  below  the  100 
hours  at  3000°F  goal  of  this  program  and  about  two  orders  of  magni¬ 
tude  below  the  life  that  would  be  expected  in  the  total  absence  of 


diffusion.  It  Is  Important  to  note  that  in  spite  of  the  fact  that 
samples  were  subjected  to  rather  severe  thermal  cycling  in  the  course 
testing,  no  deterioration  or  deformation  other  than  noted  was  ob¬ 
served  in  any  of  the  composites. 

While  Increases  in  coating  thickness  should  produce  some  increase  in 
coating  life,  it  is  considered  doubtful  that  economically  and  struc¬ 
turally  usable  increases  (a  few  mils  or  less)  would  provide  the  re¬ 
quired  oxidation  resistance  at  the  2SS0°F  test  temperature  or  above. 


Evaluation  of  Binary  Composites 

Microsections  of  the  twelve  binary  composites  described  in  the  previous 
section  were  examined  to  determine  how  coating  failure  occurred.  The 
evaluation  included:  (1)  metal lographic  examination,  (2)  electron 
beam  microprobe  traverses  across  the  coating-base  metal  interfaces, 
and  (3)  microhardness  traverses  across  the  coating-base  metal  inter¬ 
faces.  The  procedures  used-and  results  obtained  from  the  examinations 
are  presented  below. 

1.  Metallography 

Serious  problems  were  encountered  in  metallographic  work  on  all 
twelve  samples.  These  problems  were  primarily  due  to  the  extreme 
differences  in  hardness  and  chemical  reactivity  encountered  among 
the  various  coatings  and  base  metals,  and  their  reaction  products. 
Also,  it  was  difficult  to  keep  the  edges  of  the  samples  from 
"rounding  off"  due  to  spaces  left  between  samples  and  mounting 
medium  in  the  mounting  process. 

The  following  metallographic  preparation  technique  was  found  to 
be  the  best  yet  devised  for  the  composites  under  consideration: 

a.  A  small  molybdenum  clamp  is  used  to  press  5-mll-thlck 
gold  foil  to  each  sample  face  -  the  soft  gold  will  con¬ 
form  to  the  edges  of  the  coating  material  and  will 
withstand  any  subsequent  etching  or  etch  polishing 
about  as  well  as  the  coating,  therefore  providing  good 
protection  against  rounding  off  of  the  edges. 

b.  The  enclosed  sample  is  mounted  and  ground  down  with  a 
belt  sander  until  the  entire  coating-base  metal  inter¬ 
face  is  well  exposed. 

c.  The  sample  is  finished  through  240,  320,  400,  and 
600-grit  wet  papers. 

d.  The  sample  is  polished  first  with  6  and  then  with 

1  micron  diamond  on  a  napless-^loth-covered  wheei, 
using  kerosene  as  a  lubricant. 


e.  Final  polishing  is  done  on  a  napless-cloth-covered 
wheel  with  a  paste  made  of  .03  micron  alumina  and  57. 
chromic  acid. 

f.  Etching  is  accomplished  with  hot  aqua  regia  or  through 
the  AC  electrolytic-cyanide  etching  technique  (5% 
potassium  cyanide  solution)  usually  used  on  gold. 

The  samples  were  examined  at  magnifications  up  to  1600X  and 
pictures  were  taken. 

Micrographs  of  the  platinum-2 . 57.  palladium,  platinum,  and  plati¬ 
num- 107.  rhodium  clad  FS-85  samples  after  testing  in  air  and 
nitrogen  are  presented  in  Figs.  60  and  61,  Figs.  62  and  63,  and 
Figs.  64  and  65,  respectively.  Micrographs  of  the  similarly 
clad  TZM  samples  after  testing  are  presented  in  Figs.  66  and 
67,  Figs.  68  and  69,  and  Figs  70  and  71.  Before  consider ing 
these  micrographs,  it  should  be  noted  that  the  polishing  and 
etching  techniques  are  not  sufficiently  well  developed,  so  that 
variances  between  samples  with  the  same  substrate  metals  may  In 
some  instances  be  due  to  etching  differences.  The  interpreta¬ 
tions  arrived  at  in  this  study  are  the  result  of  laborious 
efforts  of  polishing  and  etching  which  are  virtually  impossible 
to  adequately  characterize  in  photomicrographs.  The  compound 
layers  at  the  interfaces  of  all  combinations  are  easily  seen  on 
most  of  the  samples  althougii  the  TZM  samples,  except  those  clad 
with  platinum,  are  over-etched  to  such  an  extent  that  only  one 
compound  layer  is  seen.  The  platinum  clad  TZM  samples  show 
three  layers.  The  probable  compounds  to  be  found  in  these 
samples,  based  on  the  major  alloying  constituent  combinations; 
i.e.,  platinum-columbium,  platinum- tantalum  and  platinum-molyb¬ 
denum,  are  given  in  Table  VIII.  The  respective  phase  diagrams 
are  given  in  Figs.  72,  73,  and  74. 

Samples  tested  both  in  air  and  in  nitrogen  appear  very  similar. 
The  only  major  differences  discernable  being  the  points  of 
coating  failure  -  "blisters"  of  oxide  powder,  as  shown  in 
Fig.  75  for  an  FS-85  base  sample  and  "void"  areas,  as  shown  in 
Fig.  76,  for  a  TZM  base  sample.  It  is  interesting  to  note  that 
the  "void"  areas  contained  small  amounts  of  molybdenum  and 
titanium  oxide.  Neither  the  "blisters"  in  the  case  of  FS-85, 
nor  the  "voids"  in  the  case  of  TZM  were  found  in  samples  tested 
in  nitrogen  for  equivalent  periods  of  time. 

The  etched  samples  were  closely  inspected  at  the  coating  sur¬ 
face  for  signs  of  a  build-up  of  substrate  elements  such  as 
mutt  have  been  responsible  for  the  crystals  found  on  the  samples 
tested  in  nitrogen.  A  heavily  etched  surface  layer  of  the  type 
shown  in  Fig.  77  was  found  on  several  of  the  TZM  base  samples 
tested  both  in  air  and  in  nitrog-n,  but  none  was  found  on  the 
FS-85  base  sample.  It  may  be  that  the  layer  had  been  lowered 
to  such  an  extent  by  etching  that  It  was  not  observable. 
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2.  Electron  Beam  Microprobe  Analysis 


The  electron  beam  microprobe  work  waa  performed  under  subcontract 
by  Advanced  Metals  Research  Corporation.  Only  the  platinum  clad 
samples  were  examined,  as  it  was  felt  that  the  distribution  of  an 
additional  coating  element  in  the  case  of  platinum-107,  rhodium 
would  complicate  the  analysis  without  providing  additional  informa¬ 
tion  of  much  consequence. 

The  samples  subjected  to  microprobe  analysis  were  in  the  "as  polished" 
condition,  such  that  the  diffusion  layers  were  not  so  easily  distin¬ 
guishable  as  after  etching. 

Most  of  the  layers  found  in  the  course  of  metal lographic  examination 
of  etched  cross  sections  were  Identified  in  the  microprobe  work. 

All  of  these  are  compounds  which  are  found  among  those  listed  in 
Table  VIII.  However,  it  was  difficult  to  associate  some  of  the 
layers  with  specific  compositions  or  compounds  because  they  were 
very  thin.  Also,  they  could  not  be  definitely  determined  from  the 
literature  on  which  the  information  in  Table  VIII  was  based. 

The  compositions  and  compounds  identified  in  the  platinum  coated 
samples  have  been  denoted  beside  the  appropriate  layers  in  their 
micrographs,  and  where  the  identity  of  a  compound  in  a  layer  was 
uncertain,  a  hypothetical  compound  has  been  given  with  a  question 
mark  in  parentheses  (?)  beside  it. 

From  the  point  Just  beyond  the  outermost  diffusion  layer  to  the 
sample  surfaces  only  pure  platinum  was  detected.  However,  a  high 
concentration  of  titanium  was  found  at  the  coating  surfaces  of  the 
TZM  base  samples  which  is  believed  to  have  been  responsible  for 
the  crystals  which  formed  on  the  samples  tested  in  nitrogen.  The 
FS-85  base  sample  showed  no  similar  buildup  of  an  element  at  the 
coating  surface,  but  it  was  not  possible  to  analyze  for  zirconium, 
the  element  which  is  considered  likely  to  have  been  responsible 
for  the  crystals  formed  during  testing  in  nitrogen.  On  the  basis 
of  these  findings  it  is  tentatively  concluded  that  the  crystals 
formed  were  titanium  nitrides  in  the  case  of  the  TZM  samples,  and 
zirconium  nitrides  in  the  case  of  the  FS-85. 

It  is  believed  that  the  major  alloying  constituents  of  the  base 
metals  were  not  detected  in  the  outer  platinum  layer  of  the 
coating  because  of  the  extremely  rapid  diffusion  rate  in  that 
layer  as  compared  to  that  in  the  Intermediate  layers.  As  minor 
alloying  elements  were  found  at  sample  surfaces,  similar  evidence 
of  the  outward  diffusion  of  major  alloying  elements  would  be  ex¬ 
pected.  Sufficient  information  has  not  as  yet  been  obtained  to 
offer  an  explanation.  The  microprobe  traverse  did  not  cross  a 
grain  so  that  no  evidence  of  compositional  differences  at  the 
grain  boundaries  was  obtained. 

The  minor  alloying  elements,  titanium  and  zirconium  (possibly), 
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are  believed  to  have  diffused  through  the  coating  by  transgranu- 
lar  diffusion  in  such  low  concentrations  that  they  were  not  de¬ 
tectable. 


3.  Mlcrohardnesa 


Microhardnesa  traverses  were  made  across  the  interfaces  of  all 
twelve  test  sample  combinations  in  the  "as  polished"  condition. 
The  traverses  were  made  with  a  Knoop  lndentor  using  a  2-gram 
load. 

While  the  areas  of  diffusion  layers  were  easily  identified,  no 
additional  Important  information  was  obtained  from  the  micro- 
hardness  traverses.  The  data  for  the  platinum  and  platlnum-10% 
rhodium  clad  samples  is  presented  in  Figs.  78,  79,  80,  and  81 
and  Figs.  82,  83,  84,  and  85. 


D.  Discussion  of  Results 


The  metallographic  interface  examination  revealed  layers  at  the  area 
of  the  coating-base  metal  in  each  sample,  which  had  resulted  from 
the  diffusion  and  reactions  that  took  place  between  the  platinum  and 
the  substrate  metals.  All  of  the  layers  were  well  below  the 
coating  surface.  The  defects  associated  with  coating  failure 
were  noted  in  several  air  nested  samples;  however,  no  evidence 
of  peculiar  coating  features  such  as  porosity,  large  grain  bound¬ 
aries,  or  excessive  diffusion  of  base  metal  into  the  upper  portion 
of  the  coating,  etc.,  was  noted  in  these  areas. 

Microprobe  analysis  identified  most  of  the  compounds  in  the  dif¬ 
fusion  layers.  None  of  the  substrate  metals  was  detected  in  the 
platinum  between  the  compound  layers  and  the  surfaces  of  the 
samples.  However,  titanium  was  detected  at  the  surface  of  the 
TZM  base  samples  and  it  was  believed  that  zirconium  was  present 
at  the  surface  of  the  FS-85  base  samples. 

Microhardness  traverses  provided  no  additional  useful  information. 

On  the  basis  of  these  examinations  it  is  believed  that  coating 
failure  occurs  after  a  relatively  low  percentage  of  substrate 
alloy  reaches  the  surface  of  the  coating,  forming  a  path  through 
which  (1)  oxygen  may  rapidly  penetrate  the  coating  in  the  case 
of  the  FS-85  base  composites,  and  (2)  molybdenum  may  rapidly 
proceed  to  the  surface  and  be  removed  as  a  volatile  oxide  from 
the  TZM  base  composites. 

Before  this  hypothesis  can  be  accepted  a  great  deal  of  confirma¬ 
tory  evidence  will  be  necessary.  Much  of  the  required  evidence 
can  probably  be  obtained  by  the  use  of  more  refined  metallographic 
and  microprobe  work. 
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V.  DIFFUSION  BARRIER  STUDIES 


A.  General  Discussion 


The  diffusion  barrier  may  be  thought  of  as  a  special  layer  to  be 
interposed  between  the  coating  and  the  substrate  to  produce  a  new 
"composite  coating  system"  which  is  more  likely  to  be  capable  of 
meeting  the  prescribed  coating  objective. 

A  number  of  materials  were  selected  for  consideration  as  potential 
diffusion  barriers,  primarily  on  the  basis  of  the  following: 

(1)  Past  studies  indicating  their  effectiveness  in  retarding 
diffusion. 

(2)  Chemical  inertness. 

(3)  Melting  point. 

It  was  expected  that  several  likely  trouble  areas,  notably  expansion 
mismatch  and  brittleness,  might  be  reduced  in  importance  through  the 
development  of  techniques  for  depositing  the  barriers  as  thin  flexi¬ 
ble  films. 

The  materials  which  were  evaluated  may  be  grouped  into  three  classes, 
as  given  below: 

1.  Metallic  Elements  and  Alloys.  Important  attributes  include 
ductility  and  bondabilitv.  The  work  of  ManLabs  (Ref.  1 7 > 
indicated  only  little  likelihood  that  any  metal  might  serve 
as  an  effective  diffusion  barrier. 

a.  Rhenium.  The  best  of  the  metals  examined  in  diffusion 
barrier  studies  conducted  by  ManLabs  (Rtf  19).  This 
material  has  been  used  as  a  diffusion  barrier  between 
molybdenum  and  platinum  in  electron  tube  grids  which 
operate  at  temperatures  as  high  as  2200°F  (Ref.  20). 

Its  melting  point  is  second  only  to  tungsten  among  thr 
metals. 

b.  Tungsten.  Although  Betteridge  and  Rhys  (Ref.  6)  found 
internal  oxidation  in  platinum  alloys  containing  as 
little  as  2%  tungsten,  the  work  at  ManLabs  (Ref.  17)  as 
well  as  its  high  melting  point  favored  us  examination. 
It  was,  however,  finally  not  included  in  the  present 
scope  of  work,  because  of  difficulties  in  specimen 
preparat ion . 

2.  Intermetal  1 ic  Compounds.  They  can  be  expected  to  have 
ductilities  and  bondabi 1 i ties  intermediate  to  the  other 
two  classes  of  barriers. 


20 


a.  Gold  (expected  to  form  intermetallics  with  the  coating 
and/or  base  metal).  An  indication  that  gold  might  be 
useful  as  a  barrier  came  from  tk.e  work  of  Rhys  (Ref.  16), 
in  which  gold  interposed  between  molybdenum  and  a  plati¬ 
num  coating  increased  the  coating's  protective  life  at 
2200°F. 

b.  Aluminum  (to  form  aluminides  with  the  substrate  alloys). 
These  are  among  the  more  refractory  and  chemically 
inert  intermetallics. 


3.  Non-Metallic  Refractory  Compounds.  These  compounds  in 

general  have  great  chemical  stability  and  are  potentially 
the  best  barriers  to  diffusion;  however,  they  suffer 
extreme  brittleness  except  as  very  thin  films  and  are 
difficult  to  bond  to  metals. 

a.  Boron  Nitride.  The  choice  of  this  material  was  based 
on  demonstrated  chemical  inertness  (Ref.  21)  and  the 
fact  that  an  in-house  technique  was  readily  available 
for  its  deposition  as  a  thin  flexible  adherent  film 
on  refractory  metals  (Ref.  22). 

b.  Muminum  Oxide.  This  material  was  selected  on  the 
basis  of  its  effectiveness  in  preventing  platinum- 
molybdenum  interdiffusion,  as  indicated  by  the  studies 
of  Rhys  (Ref.  16)  at  2200°F. 

c.  Zirconium  Oxide.  The  chemical  inertness  of  this 
material  when  in  contact  with  platinum  is  unquestion¬ 
able  as  it  is  considered  to  be  an  excellent  crucible 
material  for  platinum  melting;  however,  it  is  rated 

as  only  fair  for  columbium  melting  crucibles  (Ref.  23). 


B.  Testing  and  Evaluation 

Initially  techniques  were  sought  which  could  be  used  in  the  prep¬ 
aration  of  hermetic  coating-barrier-base  metal  test  samples.  It 
was  expected  that  these  camples  would  be  subjected  to  the  same 
oxidation  tests  used  for  the  coating/base  metal  composites,  such 
that  direct  comparisons  could  be  made  to  provide  an  indication  of 
the  effectiveness  of  these  carrier  materials.  The  deposition 
techniques  explored  included: 

(1)  Roll  bonding. 

(2)  Hot  press  bonding. 

(3)  Vapor  deposition. 

(4)  Electrolytic  deposition. 

(3)  Thermite  reaction. 
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In  early  studies  it  became  evident  that  a  considerable  amount  of 
time  would  be  required  for  development  and  testing  of  acceptable 
hermetic  barrier  containing  composites.  Because  of  this,  it  was 
felt  that  a  screening  test  was  needed  which  could  give  some  indication 
of  the  merit  of  a  barrier  without  necessitating  preparation  and  test¬ 
ing  of  hermetic  fully-bonded  composites.  In  the  test  devised  for  this 
purpose,  a  sample  of  the  type  shown  in  Fig.  86  was  used.  In  the  prep¬ 
aration  of  this  sample  the  barrier  layer  was  applied  to  one  face  of 
each  piece  of  substrate  metal  by  one  of  the  deposition  techniques  given 
above,  and  the  other  face  was  kept  clean.  A  2-mil  thickness  of  plati¬ 
num  foil  (coating)  was  then  placed  on  each  face  of  the  sample  and  the 
assembly  was  secured  in  a  graphite  clamp,  which  is  shown  in  Fig.  87. 

A  zirconia  wash  was-  used  to  prevent  any  interaction  between  the  plati¬ 
num  and  the  graphite.  The  clamped  assembly  was  then  heated  in  vacuum 
for  16  hours  at  2500°F. 

From  previous  coating-base  metal  composite  tests,  diffusion  was  known 
to  have  produced  easily  discernablt.  compound  layers  at  the  coating- 
substrate  interface  at  2550°F.  It  appeared,  then,  that  2550°F  would 
be  an  adequate  test  temperature.  However,  as  the  only  vacuum  furnace 
available  for  this  testing  had  a  maximum  use  temperature  of  2500°F, 
the  tests  were  conducted  at  that  temperature. 

After  testing,  the  samples  were  examined  metallographically  to  deter¬ 
mine  the  extent  of  diffusion  on  both  sides  of  the  sample.  With  the 
diffusion  barrier  applied  to  only  one  side  of  the  sample  its  effec¬ 
tiveness  could  immediately  be  determined  by  comparison  with  the  other 
face  of  the  sample  which  contained  no  barrier  layer.  The  results  of 
these  screening  tests  are  given  in  Table  IX. 

The  techniques  used  in  barrier  deposition  and  the  testing  of  the 
barriers  is  discussed  further  in  the  following  paragraphs. 

1.  Rhenium 


At  first,  it  was  thought  that  rhenium  might  most  easily  be  intro¬ 
duced  as  a  layer  between  coating  and  base  metal  through  a  roll 
bonding  technique.  However,  certain  unusual  properties  of  this 
metal  led  to  difficulties. 

Although  rhenium  is  more  ductile  than  the  molybdenum  alloy  which 
has  been  easily  roll  bonded  to  platinum  in  the  course  or  this 
program,  It  is  very  difficult  to  fabricate.  The  diffiu  Ity 
arises  from  the  high  rate  at  which  it  work  hardens  (faster  than 
,  v  other  metal);  and  the  fact  that  ic  suffers  hot  shortness,  so 
(.iiat  hot  rolling  has  not  been  successfully  used  to  overcome  the 
problem  of  work  hardening  (Ref.  24).  Reduction  is  accomplished 
through  cold  rolling;  light  reductions  are  initially  applied, 
gradually  increasing  to  40%  between  anneals  at  2900°F  in  /acuum, 
hydrogen,  or  cracked  ammonia. 
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As  it  was  believed  that  the  hot  shortness  in  rhenium  resulted 
from  oxide  in  the  grain  boundaries,  it  was  thought  that  the 
problem  might  be  overcome  by  doing  the  hot  rolling  in  an  evacu¬ 
ated  package. 

An  attempt  to  prepare  Pt- 10Rh/Re/FS-85  composite  material  for 
test  samples  by  hot  rolling  at  1800°F  in  an  evacuated  package 
was  unsuccessful.  The  composite  obtained  had  a  dark  wavy  sur¬ 
face,  and  metal lographic  examination  showed  the  rhenium  layer 
to  have  broken  up  during  rolling,  as  seen  in  Fig.  88.  It  is 
believed  that  during  rolling  the  FS-85  and  platinum-107,  rhodium 
tended  to  "flow,"  while  rhenium  with  its  high  yield  strength 
could  not,  and  thus  broke  up. 

Two  other  methods  were  considered  for  preparation  of  samples 
with  rhenium  diffusion  barriers:  (1)  electrolytic  deposition, 
and  (2)  chemical  vapor  deposition.  The  former  technique  was 
selected  as  it  appeared  to  have  reached  a  much  higher  stage  of 
development  than  the  latter. 

Summit  Finishing  Company .which  has  had  previous  experience  in 
rhenium  electroplating,  was  contacted  and  subsequently  pre¬ 
pared  several  samples  of  rhenium  coated  FS-85  and  TZM  for  this 
work.  Coating  thickness  was  approximately  0.1  mils  in  all 
cases.  The  samples  obtained  were  used  in  the  screening  test 
described  previously  and,  as  indicated  in  Table  IX,  metallo- 
graphic  examination  showed  the  rhenium  coating  to  have  been 
ineffective  as  a  diffusion  barrier.  There  are  two  possible 
conclusions  that  may  be  drawn:  (1)  either  rhenium  is  not 
inherently  an  effective  diffusion  barrier  in  the  test  environ¬ 
ment  described,  or  (2)  the  rhenium  electroplate  was  porous. 

As  no  indication  of  the  rhenium  phase  was  apparent  in  metallo- 
graphic  examination,  it  is  assumed  that  the  former  conclusion 
is  correct. 


2.  Gold 


A  number  of  Pt/Au/FS-85  samples  were  prepared  by  essentially 
the  same  technique  developed  for  making  the  coating-base 
metal  samples.  That  is,  platinum  and  gold  layers  were  bonded 
to  either  side  of  a  piece  of  FS-85,  from  which  samples  were 
cut  out,  undercut  with  acid,  and  sealed  by  hot  press  bonding 
of  their  edges.  After  a  few  minutes  of  heating  in  flowing 
air  at  2550°F  the  gold  (about  0.9  mils  thick)  was  seen  to  have 
formed  an  alloy  with  the  platinum  layer  (about  3  mils  thick) 
which  had  a  liquid  phase  below  2550°F  and  flowed  off  portions 
of  the  sanples,  subjecting  them  to  high  temperature  oxidation. 
In  view  of  this  platinum-gold  alloy  problem,  it  was  decided 
that  a  change  in  preparation  technique  would  be  necessary. 
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The  development  of  the  "screening  test"  appeared  to  provide  a 
method  which  could  be  used  to  obtain  important  information  con¬ 
cerning  the  preparation  and  effectiveness  of  gold  diffusion 
barriers  at  a  minimum  expense  of  time  and  effort.  For  this  test, 
samples  of  roll  bonded  gold  on  refractory  metal  were  sintered  at 
1400°F  in  vacuum  in  order  to  fcrm  a  gold-refractory  metal  alloy, 
or  compound,  which  might  withstand  the  2500°F  test  temperature 
without  melting.  The  pre-heat  treatment  was  apparently  effective, 
as  the  tested  samples  showed  no  signs  of  melting.  As  indicated 
in  Table  IX,  however,  the  gold  apparently  had  little  or  no  effect 
on  the  rate  of  diffusion  -  evidenced  by  the  presence  of  the  usual 
diffusion  layers.  One  unusual  thing  was  noted  with  the  FS-85 
substrate  •  a  phase  layer  not  previously  observed,  was  found  on 
the  substrate  side  of  the  other  compound  layers.  Gold,  then,  is 
ineffective  as  a  diffusion  barrier  under  the  given  test  conditions. 


3.  Aluminum 


Aiuminides,  formed  from  the  reaction  of  aluminum  with  the  coating 
or  base  metal,  were  examined  as  possibe  diffusion  barriers  by 
meens  of  the  screening  test. 

In  order  to  avoid  the  possible  formation  of  a  platinum-aluminum 
alloy  with  a  melting  point  below  the  test  temperature,  roll  bonded 
aluminum  clad  refractory  metal  samples  were  diffusion  annealed 
4  aours  at  1200°F  in  helium  prior  to  testing  in  order  to  form  the 
respective  refractory  intermetal  lie  compounds. 

As  stated  in  Table  IX,  metal lographic  examination  of  tested 
samples  revealed  diffusion  layers,  although  somewhat  different 
from  those  usually  found,  indicating  that  the  aluminide  formed 
was  ineffective  as  a  diffusion  barrier.  It  was  interesting  to 
note  that  aluminum  deeply  penetrated  the  platinum  in  the  FS-85 
base  sample,  forming  a  2-phase  region  over  a  mil  in  thickness 
beyond  the  diffusion  layer  compounds. 


4.  Boron  Nitride 


Boron  nitride  appeared  particularly  attractive  as  a  potential 
dll fus  ion  barrier  material  since  an  apparently  excellent  method 
had  alrea^/  been  developed  for  its  deposition  as  a  thin  flexible 
film  on  reiractory  metal  (Ref.  22). 

Boron  nitride  coatings  were  applied  to  material  for  test  samples 
through  the  decomposition  of  tr ichloroborazole  on  the  surface  of 
heated  TZM  and  FS-85  alloy  strip.  The  thickness  of  the  boron 
nitride  layer  was  estimated  to  be  0.0b  mils. 

Sputtering  seemed  to  be  the  most  convenient  method  for  applica¬ 
tion  of  the  platinum  coating  layer  to  form  test  samples.  Through 
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sputtering  the  platinum  could  be  deposited  on  freshly  laid  down 
boron  nitride  with  a  minimum  exposure  to  atmospheric  contaminants 
and  handling  that  might  produce  surface  damage  ut  inhibit  bonding 
between  the  coating  and  diffusion  barrier  materials. 

Two  problems  were  encountered  with  the  sputtering  process: 

(1)  It  was  difficult  to  obtain  a  good  platinum-boron 
nitride  bond.  This  was  finally  accomplished  by  post¬ 
heating  the  samples  to  the  melting  point  of  platinum 
(3223°F)  following  the  sputtering  operation. 

(2)  Only  a  low  deposition  rate  was  attainable  through 
sputtering,  necessitating  the  deposition  of  additional 
pla  tinum  through  some  other  means. 

Pt/BN/FS-85  test  samples  were  prepared  by  hot  press  bonding  2-mil- 
thick  coatings  of  platinum  to  the  thin  sputtered  coatings  (about 
0.04  mils  thick).  The  edges  of  several  of  these  samples  were 
sealed  by  the  usual  hot  press  bonding  technique. 

It  was  found  that  only  a  few  hours  of  heating  in  air  would  cause 
failure  (oxide  blisters  breaking  through  the  coating)  in  these 
samples.  However,  as  failure  occurred  at  the  edges  of  the  samples 
where  little  or  no  boron  nitride  had  been  deposited,  it  was 
thought  that  this  type  of  sample  would  not  provide  a  true  test 
of  boron  nitride  as  a  diffusion  barrier. 

Metal lographic  examination  of  a  sample  tested  in  the  manner 
described  above  revealed  diffusion  layers  not  only  at  the  edges 
where  coating  failure  occurred  but  across  the  entire  coating- 
base  metal  interface.  No  sign  of  the  boron  nitride  layer  was 
observable.  The  failure  appeared  to  be  attributable  to  one  of 
two  possible  causes: 

(1)  Degradation  of  the  boron  nitride  layer  due  to  incom¬ 
patibility  with  the  platinum  and/or  FS-85. 

(2)  Loss  of  the  layer  through  some  process  associated 
with  the  deposition  of  the  sputtered  platinum  coating. 

In  light  of  the  results  obtained  with  the  samples  described 
above  a  different  type  of  test  sample  was  devised.  A  clearly 
visible  boron  nitride  coating  was  deposited  on  several  pieces 
of  the  refractory  metal  alloys  for  use  in  these  new  samples. 

For  these  samples  the  pieces  of  boron  nitride  coated  refractory 
metal  were  vacuum  hot  press  bonded  into  packages  of  the  type 
shown  in  Fig.  89.  This  sample  configuration  provided  an  e\tra 
thickness  of  platinum  at  the  edges  of  the  boron  nitride  coated 
refractory  metal,  thus  avoiding  the  possibility  of  any  rapid 
sample  failure  due  to  diffusion  from  unprotected  edges.  A 
test  sample  of  this  type  containing  BN  coated  TZM  was  heated 
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in  flowing  air  at  2550°F  and,  as  with  the  previous  samples,  failed 
very  rapidly  with  metal lographic  examination  revealing  the  presence 
of  diffusion  layers  and  absence  of  any  boron  nitride. 

Although  the  test  results  presented  above  indicated  little  likeli¬ 
hood  of  success  with  boron  nitride  barriers,  test  samples  of  BN 
coated  FS-85  and  TZM  were  subjected  to  the  "screening  test"  pre¬ 
viously  described.  Metal lographic  examination  of  the  tested 
samples  revealed  only  the  usual  coating-base  metal  diffusion  layers 


5.  Aluminum  Oxide 


Aluminum  oxide  has  long  been  used  as  a  refractory  where  contact 
with  hot  or  even  molten  metals  is  required  and  therefore  would  be 
a  likely  candidate  for  preventing  interdiffusion  between  the  respec 
tive  coating  and  substrate  metals  included  in  this  investigation. 

In  support  of  this  supposition  is  the  work  of  Rhys  (Ref.  16),  who 
showed  an  alumina  layer  between  a  platinum  coating  and  molybdenum 
substrate  to  substantially  increase  the  protective  life  of  the 
coating. 

In  order  to  use  alumina  to  help  meet  the  coating  requirements  of 
this  program,  two  problems  must  be  overcome: 

(1)  It  must  be  bonded  to  both  the  coating  and  substrate 
metals  -  a  difficult  ceramic-to-metal  joining  problem. 

(2)  It  must  be  deposited  as  a  very  thin  flexible  film  in 
order  to  overcome  its  brittleness. 

In  the  course  of  the  program  three  techniques  of  aluminum  oxide 
deposition  were  tried: 

(1)  Thermite-type  reaction  -  aluminum  foil  was  pressed 
against  the  pre-oxidized  surface  ot  a  piece  of  refrac¬ 
tory  metal  foi1  and  heated  to  a  temperature  sufficient 
to  activate  the  reaction  forming  alumina. 

(2)  :'lgh  temperature  air  oxidation  of  roll  bonded  aluminum 
cladding  on  pieces  of  refractory  metal  foil. 

(3)  Roll  bonding  alumina  powder  onto  refractory  metal  sheet. 

Neither  of  the  first  two  techniques  produced  acceptable  coatings  - 
coverage  was  nonuniform  in  both  cases.  The  third  technique  gave 
coatings  of  approximately  0.2  mils  thickness  that  appeared  to  be 
quite  acceptable  and  the  samples  produced  were  subjected  to  the 
screening  test  for  diffusion. 

Metal lographic  examination  of  the  samples  tested  evidenced  only 
the  usual  diffusion  layers  -  no  alumina  was  discernable  at  or  near 
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the  coating-base  metal  interface  in  either  the  FS-85  or  TZM 
base  composites.  No  explanation  ran  be  offered  for  the  dis¬ 
appearance  of  the  alumina  layer. 


6.  Zirconium  Oxide 


Zirconium  oxide,  like  alumina,  is  often  used  in  crucibles  for 
melting  metals.  It  is,  in  fact,  considered  better  than  alumina 
for  platinum-melting  crucibles  and  on  that  basis  was  selected 
for  evaluation. 

Samples  of  zirconia  coated  refractory  metal  were  prepared,  using 
the  roll  bonding  technique  developed  for  alumina  coatings  and 
these  samples  were  subjected  to  the  "screening  test."  The  zir¬ 
conia  coatings  were  substantially  thicker  than  the  alumina 
coatings.  Actual  coating  thicknesses  were  1.0  mils  on  the 
FS-85  samples  and  0.7  mils  for  the  TZM. 

Metal lographfc  examination  of  the  FS-85  base  sample  showed  that 
the  zirconia  layer  was  ineffective  as  a  barrier  to  diffusion  and 
that  the  bulk  of  the  layer  was  "consumed"  during  the  diffusion 
test.  However,  the  zirconia  layer  on  the  TZM  base  sample  was 
completely  effective  in  preventing  diffusion  and  it  was  clearly 
visible  in  its  "original"  condition.  The  "consumption"  of  the 
zirconia  layer  on  the  FS-85  sample  cannot  be  explained. 


Discussion  of  Results 


Screening  tests  for  diffusion  at  2500°F  for  16  hours  showed  that, 
of  the  12  combinations  obtained  from  the  6  barrier  materials  and 
2  base  metals,  only  one  effective  diffusion  barrier-base  metal 
combination  was  found  -  the  Pt/ZrC^/TZM  combination. 

The  disappearance  of  the  alumina  barriers  on  FS-85  and  TZM  substrates 
and  of  the  zirconia  on  an  FS-85  base  sample  in  the  course  of  testing 
is  difficult  to  explain  since  no  reactions  would  be  expected.  These 
tests  should  be  repeated,  preferably  with  thick  barrier  layers, 
before  these  combinations  are  acknowledged  to  be  unacceptable. 

Also,  the  behavior  of  aluminum  diffusion  barriers  should  be  evalu¬ 
ated  in  air  before  the  abandonment  of  aluminide  barriers,  as  internal 
oxidation  of  the  aluminum  in  the  coating  or  at  the  coating-base  metal 
interface  may  occur,  forming  an  aluminum  oxide  barrier  to  diffusion. 

The  three  remaining  Carrier  materials  -  (1)  BN,  (2)  rhenium,  and 
O')  gold  -  for  reasons  of  Incompatibility  appear  to  be  of  no  value 
in  retarding  coating-base  metal  interdiffusion  at  the  2500°F  test 
temperature . 
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VI.  CONCLUSIONS  AND  HYPOTHESES 


A.  Coating  Material*  Oxidation 

1.  In  Che  absence  of  diffusion  induced  degradation,  platinum  and 
platinum* 107.  rhodium  alloy  coatings  2  mils  in  thickness  should 
easily  provide  over  100  hours  of  oxidation  protection  at  tempera¬ 
tures  up  to  3000°F.  (A  conclusion.) 


2.  Platinum  metal  oxidation  rates  Increase  with  air  flow,  but  at  a 
diminishing  rate.  Data  at  25S0°F  show  that  the  loss  rate  has 
essentially  leveled  off  for  flow  rates  above  960  ipm.  (A  conclusion.) 

3.  Water  vapor  has  little  or  no  effect  on  the  rate  of  oxidation  of 
platinum  or  platinum*  107.  rhodium  alloy.  (A  conclusion.) 


B.  The  Mechanism  of  Coating  Failure 

1.  Diffusion  barriers  will  be  required  if  platinum  or  platinum-107, 
rhodium  coatings  are  to  meet  the  objectives  of  this  program  - 
100  hours  of  oxidation  protection  on  columbium  and  molybdenum 
alloys  at  temperatures  up  to  3000°F.  (A  conclusion.) 


2.  Failure  of  platinum  and  platinum- 107.  rhodium  coatings  on  TZM  in 
the  course  of  high  temperature  oxidation  occurs  by  diffusion  of 
the  molybdenum  to  the  surface  of  the  coating  where  it  combines 
with  oxygen  and  is  removed  as  a  volatile  species.  This  is,  of 
course,  preceded  by  the  formation  of  the  several  intermetallic 
phases.  Diffusion  proceeds  at  very  rapid  rates,  such  that  at  25SO°F 
voids  form  at  the  coating-substrate  interface  in  several  hours, 
and  grow  rapidly  with  time.  Rapid  depletion  of  the  molybdenum 
then  takes  place  with  no  significant  alteration  of  the  external 
appearance  of  the  sample  (assuming  it  is  hermetically  enclosed  by 
the  coating).  Titanium  and  zirconium  also  diffuse  to  the  surface 
where  they  react  to  form  oxides.  That  some  oxygen  diffuses  through 
the  coating  in  the  opposite  direction  is  evident  from  the  surface 
appearance  of  the  voids  as  well  as  from  the  microprobe  data. 

Absence  of  any  "blow-up"  failure  of  these  voids  would  suggest 
that  the  rate  of  oxygen  back  diffusion  is  very  small  and  that  the 
bulk  of  the  molybdenum  is  oxidized  at  the  surface  of  the  coating. 

It  is  believed  further  that,  what  little  oxygen  does  diffuse,  does 
so  only  after  the  coating  metal  composition  has  been  altered  by 
diffusion,  although  evidence  of  this  is  lacking.  (A  hypothes is . ) 
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3. 


Failure  of  the  same  coatings  on  FS-85  under  similar  conditions 
occurs  in  an  entirely  different  way  than  on  TZM.  As  diffusion 
of  columbium  (plus  tantalum  and  tungsten)  occurs,  a  number  of 
intermetallic  phases  form  and  grow.  As  diffusion  proceeds, 
one  or  more  of  these  elements  diffuses  to  the  surface  of  the 
coating,  where  it  alters  the  composition  of  the  coating  and 
allows  oxygen  to  back  diffuse  toward  the  coating- substrate 
interface.  Once  this  path  of  back-diffusion  is  established, 
it  proceeds  very  rapidly  in  building  up  a  localized  area  of 
substrate  metal  oxide,  which  equally  rapidly  results  in  a 
blister-like  eruption  and  failure  of  the  coating.  Thus  it 
la  seen  that,  unlike  the  TZM  composites  which  oxidize  essen¬ 
tially  at  the  surface  of  the  coating,  the  FS-85  composites 
oxidize  near  the  coating-substrate  interface.  (A  hypothesis.) 


4.  No  binary  composite  of  platinum  or  platinum-107,  rhodium  alloy 
coatings  with  FS-85  or  TZM  substrates  can  be  considered  signif¬ 
icantly  superior  to  the  others.  Protective  coating  lives  of 
only  5  to  15  hours  may  be  obtained  with  the  combinations  for 
coating  -hicknesses  in  the  range  of  2.5  to  3.1  mils. 

(A  conclusion . ) 

5.  None  of  the  binary  composites  showed  any  tendency  of  accel¬ 
erated  oxidation  failure  as  a  result  of  thermal  fatigue. 

Samples  tested  cyclically  performed  essentially  the  same  as 
those  tested  statically,  demonstrating  the  value  of  ductility 
in  protective  coatings. 


C .  Diffusion  Barriers 


1.  One-mil  thick  zirconium  dioxide  will  stop  platinum-TZM  inter¬ 
diffusion  at  2500°F  for  a  minimum  of  16  hours.  (A  conclusion.) 

2.  Failure  of  alumina  diffusion  barriers  (and  their  disappearance) 
cannot  be  explained,  although  their  structural  integrity  and 
small  thickness  (0.2  mils)  are  probably  responsible. 

3.  Gold,  rhenium,  aluminum,  and  boron  nitride  are  not  effective 
barriers  to  platinum-TZM  or  platinum-FS-85  interdiffusion  at 
2500°F.  (A  conclusion.) 


29 
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A.  Further  examination  of  the  coating  failure  mechanism  i”  binary  composites. 

..  fevelopment  of  a  technique  for  deposition  of  a  thin  flexible,  well-bonded 
zirconium  oxide  layer  between  platinum  coating  and  TZM  base  metal. 

C.  Conduct  oxidation  tests  or  ?r /Zrf^/TZM  composites. 

!.  Conduct  further  studies  on  other  potential  diffusion  barrier  material'. 

E.  Evaluate  composites  with  the  promising  ditiusion  barriers  for  mechanical 
property  requirements. 


£.  %  _ 

F.  H.  Girard.  Project  Engineer 
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hafnia,  thoria,  and  magnesia  crucibles.  A  table  is  given  indicating 
the  compatibility  of  zirconia,  thoria,  magnesia,  and  alumina  with 
various  molten  metals  and  refractory  compounds. 

24.  0.  H.  Springmeyer  and  J.  H.  Port,  The  Development  of  Fabricating 
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num  -  Nb^Pt,  NbPt,  NbPt2,  and  NbPt3» 

28.  R.  E.  Ogilvie,  S.  H.  Moll,  and  D.  M.  Koffman,  Research  to  Determine 
Composition  of  Dispersed  Phases  in  Refractory  Metal  Alloys.  Part  II. 
Concentration  Gradients  in  Refractory  Metal  Binary  Diffusion  Couples, 
ASD-TDR-62- 7 ,  Part  II,  "pp.  19-28,  May  1963.  Piatinum-tantaium  dif¬ 
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J.  J.  English,  Binary  and  Ternary  Phase  Diagrams  of  Columbium. 
Molybdenum,  Tantalum,  and  Tungsten.  DMIC  Report  183,  Feb.  7,  1963, 
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TABLE  I 


ANALYSES  OF  THE  SUBSTRATE  ALLOYS 


Composition  of  FS-85  Alloy 

Composition  Specification  Certified  Chemical  Analysis 


Element 

in  Weight  X  (Ref.  25) 

in  Weight  X* 

Iron 

0.01  Max 

Silicon 

0.03  " 

- 

Oxygen 

0.03  ” 

0.005 

Nitrogen 

0.015  " 

0.0042 

Hydrogen 

0.001  » 

- 

Carbon 

0.01  " 

0.001 

Zirconium 

0. 6-1.1 

0.95 

Tungsten 

10-12 

9.8 

Tantalum 

26-29 

27.4 

Columbium 

Balance 

Balance 

Composition  of  TZM  Alloy 

Composition  Specification  Certified  Chemical  Analysis 


Element 

in  Weight  X  (Ref.  26) 

in  Weight  X 

Iron 

0.010  Max 

0.001 

Silicon 

0.008  " 

o.oo: 

Nickel 

0.002  " 

0.001 

Oxygen 

0.0025  " 

0.003 

Nitrogen 

0.002  ” 

0.001 

Hydrogen 

0.0005  " 

0.0001 

Carbon 

0.01-0.04 

0.02 

Zirconium 

0.06-0.12 

0.10 

Titanium 

0.40-0.55 

0.55 

Molybdenum 

Balance 

Balance 

*  Certified  chemical  analyses  for  the  alloys  were  obtained  from  the 
supplier,  Fansteel  Metallurgical  Corporation. 
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TABLE  II 


ANALYSES  OF  PLATINUM  AND  PLATINUM-10%  RHODIUM  ALLOY 

USED  IN  COATING  METAL  OXIDATION  STUDIES  AND  IN  EARLY  TESTS 
ON  COATING- BASE  METAL  COMPOSITES 

Element 

Platinum 
Composition  in 
Weight  % 

Platinum-107,  Rhodium  Alloy 
Composition  in 

Weight  7, 

Si 

<  0.001 

0.001 

Fe 

<  0.0005 

0.005 

Cu 

<  0.0005 

0.001 

Ni 

<  0.0005 

0.001 

Ag 

<  0.001 

<  0.001 

Au 

<  0.001 

<  0.001 

Pd 

<  0.0005 

0.10 

Ir 

<  0.001 

0.05 

Rh 

0.47 

10.15 

Pt 

°9. 53 

89.74 
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TABLE  III 

ANALYSIS  OF  PLATINUM  OBTAINED  FOR  COATING- BASE  METAL 
COMPOSITE  STUDIES  AND  FOUND  TO  CONTAIN  PALLADIUM 
_ _ _ AS  AN  IMPURITY _ _ 

F lenient  Composition  in  Weight  X 

0.02 

0.01 

0.04 

0.36 

0.01 

2.41 

0.10 

0.20 

Ba  lance 


Fe 

Cu 

Ni 

Ag 

Au 

Pd 

It 

Rh 

Pt 
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TABLE  IV 

ANALYSES  OF  PLATINUM  AND  PLATINUM- 107=  RHODIUM  ALLOY 
USED  IN  LATER  COATING- BASE  METAL  COMPOSITE  STUDIES 
AND  IN  DIFFUSION  BARRIER  STUDIES 


Element 

Platinum 
Composition  in 
WeiRht  7= 

Platinum- 107=  Rhodium  Alloy 
Composition  in 

Weight  7. 

Fe 

- 

0.03 

Cu 

- 

0.01 

Ni 

- 

0.03 

Ag 

0.005 

0.01 

Au 

<  0.01 

0.01 

Pd 

<0.01 

0.10 

Ir 

0.02 

0.02 

Rh 

<  0.01 

9.38 

Pt 

99.97 

90.74 

39 


TABLE  V 
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measured  at  room  temperature  and  pressure 


TABLE  VI 


activation  energy  for  the  oxidation  of  platinum 


Temperature  Range:  2200- 
Reaction:  Pt  (solid)  ♦  02  (gas) 

2910°F 

Pt02  (gas) 

Reference 

Activation  Energy 
(Kcal/Mole) 

Air  Flow  Rate 

This  Program 

38.6 

240 

This  Program 

38.0 

24 

Fryburg  and  Petrus 
(Ref.  8) 

42.5 

Not  Given 

Bat  telle  (Ref.  9) 

42.4 

24 

General  Electric 
(Ref.  11) 

45.7 

231 

Hill  and  Albert 
(Ref.  12) 

43.9 

0.2  cu  ft/tor 

Phillips  (Ref.  13) 

25.4 

Not  Given 

TABLE  VII 

OXIDATION  RATE  FOR  PLATINUM  IN  DRY  AND  WET  AIR 
_ FLOWING  AT  A  RATE  OF  24  IPM _ 

Temperature  Dew  Point  Test  Rate  of  Weight  Loss 

- ~ -  - ££.  ....  Duration  mg /cm2 /hr 


2200 

-40 

16  hr 

0.014 

2550 

-50 

68  '* 

0.045 

2200 

*  120 

64  " 

0.009 

2550 

+  120 

65  " 

0.044 

TABLE  VIII 


COMPOUNDS  EXPECTED  FROM  THE  INTERACTION  OF  PLATINUM 
WITH  FS-85  AND  TZM  ALLOYS  AT  2550°F 


TZM 

Compounds 
Mo-Pt  (Ref.  2 

Mo3Pt 

M°2Pt3 

MoPt2 

MoPt3 
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2.EST1NG.  Dll'  E  US ION  BARRIER  MAI  EHIALS  AT  2  500°F  FOR  1(>  HO  IRS  IN  VACUUM 
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Figur#  1  Oxidation  T#st 


LINEAR  RATE  OF  WEIGHT  LOSS:  m9/cm2/hr 
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FIGURE  2  Aril»««iva  Plot  «f  Platinum 
Oxidation  Data. 
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FIGURE  5 
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CUMULATIVE  WEIGHT  LOSS,  MG. 
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CUMULATIVE  WEIGHT  LOSS,  MG. 
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FIGURE  10  W«igM  Loaiet  for  Plotinum-2.5%  PallodI  jmCiad  FS-B5  and 
TZM  and  for  Pure  Platinum  in  a  240  ipm  Nitrogon  Flow 
at  2550 °F. 
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FIGURE  12 


FIGURE  13 


Surface  Condition  of  a  Plotmum-2.5%  Palladium  Surface  Condition  of  a  Plotinum-2.5%  Poliodiu- 

Clod  FS-85  Sample  After  One  Hour  of  Totting  at  Clod  TZM  Sample  After  0n*  Hour  of  Tettmg  at 

2550  F  in  a  240  ipm  Air  Flow  2550°F  in  o  240  ipm  Air  Flow 


1000X 

FIGURE  14 

Swrfoc#  Condition  of  o  Plottnum-2.5%  Pollodium 
Samp  I  •  Aft#r  On#  Hour  of  T#»tmg  ot  2550  F  in 
O  240  i pm  Air  Flow 
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FIGURE  15 

Surface  Condition  of  the  Platinum-?  5°e  Pollodium 
Clod  FS-85  Somplo  After  Totting  to  Cooting  Foilur 
(Seven  Hourt)  ot  2550  F  m  o  240  ipm  Air  Flow 


100 


10 

FIGURE  16 

Surface  Condition  of  tKo  Plotinym-2.5‘e  Pollodium 
Somplo  After  Totting  Sovon  Hours  ot  2550  F  in  o 
240  ipm  Air  Flow 


TOOX 


iOOOX 


19 

Swrfoc#  Condition  of  a  Plotinum-2  5%  Palladium 
Clod  FS-35  Samp!#  Aftor  On#  Moot  of  Totting  ot 
2550  F  m  o  240  ipm  Nitrogen  Flow 


FIGURE  20 

Surface  Condition  of  a  Platinum- 2  5%  Palladium 
Clad  T ZM  Sample  Aftor  Cn*  Hour  of  Totting  at 
2550  F  in  o  240  ipm  Nitrogen  Flow 


60 


TIME  AT  TEMPERATURE.  HOURS 
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FICURE  26  height  Lone*  for  Plotinum  Clod  FS-85  orid  TZM  ond  for  Pure  Piotinom 
in  a  240  ipm  Air  Flow  at  2550  F. 


TIME  AT  TEMPERATURE.  HOURS 
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FIGURE  27  Weight  Losit*  for  Piotinun  Clod  FS-85  and  TZM  ond  for  Pure  Plotinum 
tn  a  240  ipm  Nitrogon  Flow  ot  2550  F. 


FIGURE  28 


FIGURE  29 


Sorfoc*  Condition  ol  o  Plotmum  Clad  FS-85  Sample  Surface  Condition  of  o  Platinum  Clad  TZM  Sample 

at  the  Initiation  of  Teitmg  ot  25SO  F  in  c  240  ipm  at  the  Initiation  of  Teiting  at  25SO  F  ,n  o  240  ipm 

Ai r  F to w  Air  F low 
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FIGURE  30 

Surfoc*  Condition  of  a  Platinum  Sample  at  th# 

Imti ation  of  Te  *t<  ng  a*  2550  F  m  o  240  >pm 

Air  Flow 
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1000X  1000X 

FIGURE  31  FICURE  32 

Suifoce  Conditio^  of  tf»e  Plotinum-clod  FS-85  Somple  Su'foct  Condition  of  tf»e  Plotingm  Sample  After 

After  Testing  to  Coating  Failure  'Seven  Hour*)  at  Testing  Seven  Hours  at  2550  F  m  a  240  ipm 

2550  F  in  a  240  ipm  Air  Flow  Air  Flow 
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1000X 

FIGURE  35 

Swrfoco  Condition  of  «  Plotmum  Clod  FS-15  Somplo 
ot  tf»o  Initiation  of  Tootmf  at  2550  F  m  o  240  ip* 
Nitroyon  Flow 


400  X 


1000X 
FIGURE  36 

Svrfoco  Condition  of  o  Plotmwm  Clod  TZM  Somali 
«t  tfio  Imtiotion  of  Totting  ot  2550  F  m  o  240  ip*n 
Nitroyon  Flo* 
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FIGURE  37 

Sunoco  Condition  ol  o  Platinum  Samp!*  ot  tko 
Initiation  ol  Totting  at  255©  F  >n  a  240  ipm 


CUMULATIVE  WEIGHT  LOSS,  MG. 


TIME  AT  TEMPERATURE,  HOURS 


Platinum  •  10%  rhodium 
clod  FS-85 

(2.5  mil  costing  thicknoti) 


Blittors 


oppoor 


Puro  platinum 


Air  flow 


Platinum  •  U>%  rhodium 
clod  TZM 

(2.5  mil  coating  thicknott) 


Pt-IORh  clod 
FS*85 


Samplo  tito  •  1 "  »  3  4 "  *  02 


FIGURE  42  W«(pht  Lotto*  lor  Platinum- 10%  Rhodium  Clod  FS-85  and  TZM  and  lor 
Puro  Platinum  in  o  240  ipm  Air  Flow  of  2550  F 
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CUMULATIVE  WEIGHT  LOSS, 


TIME  AT  TEMPERATURE,  HOURS 

0  1  2  3  4  5  6 


I  2550  F 
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Platinum  ■  10%  rhodium  ciod  FS-85 
(2.5  mil  coating  *hickn«tt) 


Plot)  num  -  10%  rhodium  clod  TZM 
and  pur*  platinum 

(2.5  mil  coating  thicknstt) 


Nitrogan  flow 


Samp  I*  tiz*-  1"  x  3/4"  x  .02 


FIGURE  44  W*ight  Lottos  for  Platinum-10%  Rhodium  Clad  FS-85  and  TZh*  and  for 
Pur*  Platinum  in  a  240  ipm  Nitrogen  Flow  at  2550  F. 
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FIGURE  45  Weight  Lotte*  for  a  Platinum-10%  Rhodium  Sample  in  a  240  ipm  Nitrogen 
Flow  at  2550  ' F. 


1000X 

FIGURE  48 

SwHoc*  Condition  of  a  Platinum-  10*t  RKodium 
Sompl*  ot  tK#  Initiation  of  To»tm^  ot  2550  F 
in  a  240  ipm  Air  Flo* 
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1000X  JOOOX 

FIGURE  49  FIGURE  50 

Swrtoca  Condition  ot  tHa  Plotinvm-10%  RKodmai  Svrfaca  Condition  *♦  tlia  Platinum- 10%  Rhodium 

Clad  FS-85  Sompla  AHar  Tatting  t©  Coating  Samp  I  •  Altar  Tatting  Si  a  Hovrt  at  2550  F  in 

Failure  (Si*  Hoar* )  at  2550  F  in  a  240  tpm  a  240  tp«  Air  Flow 

Air  Flow 


80 


FIGURE  51 

Surltcf  Ctndiiio"  cl  Hi*  Piaii<iui«10>  RHodium 
Clod  TZM  So*-plr  Aft**  1*%ting  *o  Cooting 
Fo’iufc  (Fi**  Hour»i  o*  2550  F  in  o  240  ipm 


FIGURE  52 

Sorfoct  Condition  of  Hi*  Platinum- 10**  RKodiwm 
AH* r  Totting  F-*#  Hour*  ot  2550  F  .**  a  240  ipm 


400  X  400  X 


100CX 

FIGURE  S3 

Swrfoc*  Condition  ol  o  Platinum- I0*»  Rfc®dtum 
Clod  FS-85  Sompla  ot  th©  Initiation  ©I  T©ttm$ 
©1  2550  F  ir,  ©  J4C  ipm  Mitrofan  Flow 


1000  x 

FIGURE  S4 

Svrloc*  Cond'tion  ol  o  Plo*iR(i»  IO*-  Rhodium 
Clod  TZM  Sompl*  a*  Initiation  o*  Tatting  o* 
2550  F  m  a  240  1  pm  Nitroqon  Flow 
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1000  x 

FIGURE  55 

$wr*«C*  Condition  ©1  o  Plotmum.  10*»  Rhodium 
Somplo  o»  tho  Initiotion  cl  Totting  ot  2550  F 
m  o  240  ipm  Nitrogon  Flow 
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FIGURE  5A 

Sv,-fot#  Condition  of  o  Platinum  10^  Rh0rf,^ 
Clad  FS-85  Samp  to  Tot«od  Si*  Hoot*  «»  2550  F 
•  n  a  240  ipm  Nitrogon  Flow 


FIGURE  57 

Swrfoc#  Condition  of  o  Plofmom-  )0\  RKodm 
St»*pf#  To.tod  S|,  Hour t  of  2550  F  IN  ,  240 
ipn»  Hitroeon  Flow 


FIGURE  59 


■  i  5®f  PlltWiun 

o  240  >pn  An 
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FIGURE  61 

Pol-shed  and  Etched  Cross  Section  or  o  Piotinum-2  5Ji  Palladium 
Clad  FS  85  Sample  After  heating  13  Hours  ot  2550  F  m  a  240 
ipm  Nitrogen  Flow 


600  X 


INITIAL  CCATING  THICKNESS 

i  2  5  mil* 


Pf  2  3  mil* 

NbPt3,TaPt3,  0  3  mil* 

NbPt,  T aPfj.  0  4  mil* 

NbP*  Tc^Ptf7!,  0  4  mil* 
Mb’  Pt<  To;Pt.  0  1  mil* 
Nb3Pt.To1Pt(,'i  0  t  mil* 

FS.es  Alloy 

1000X 

FIGURE  63 

Pol,»h«d  and  Etched  Go**  Sect  ion  of  a  Piotmum  Clod  FS  83 
Sample  After  Heotmq  ?  Hour,  at  2SS0  F  •«  o  240  ^  N.trogen 
FI  o»« 


600  X 


1 600  X 

FIGURE  64 


Polithad  ond  Etchod  Cro\ »  Section  ol  o  Plofinym-  I05»  Rhodium 
Clad  FS-85  Sompl#  Alfor  Hoofing  6  Hour*  at  2550  F  in  o  240 
ipm  Air  Flo» 
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FIGURE  65 


Pointed  ond  Etched  Cro»*  Section  of  o  Plotmum  iO"- 
Clod  FS-85  Sample  After  Heating  6  Hour*  ot  2550  F  in 
ipm  Nitrogen  Flow 


Rhodiu 
a  240 


Pohthed  and  Etched 
Clad  TZM  Somple  hi 
Air  Flow 


600  X 


100CX 
FIGURE  66 

Iro»»  Section  of  a  Plotinum-2.5*®  Palladium 
•r  Heating  14  Hour*  at  2550  F  in  a  240  >pn* 
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600  X 


1000X 

FIGURE  67 

Polished  and  Etched  Cross  Section  ~f  o  Platinum  2  5”’e  Polladiunt 
Clod  TZM  Sample  After  Heating  13  Houn  at  2550  F  m  o  240  pm 
Nitrogen  Flow 
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1 600  X 

FIGURE  68 

Poli*h*d  and  Etchad  Cron  Saction  ol  a  Platinum  Clod  TZM 
Sompl*  Altar  Haoting  16  Hour*  at  2550  F  in  a  240  ipm  Air  Flow 
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1000  X 
FIGURE  69 

Polufiad  and  Etched  Crott  Section  of  a  Platinum  Clad  T ZM 
Sample  After  Haoting  16  Hou'%  a*  2550  F  m  a  2dG  ipm 
Nitrogen  Flow 


1C0GX 


!  60C  X 

FIGURE  7v 

Pf!  a  *<*  E*f  **>  Sr-*  2*  *>♦  2  P  '  3*-  n  W-*W  !ij  R*od'w?~ 

C‘od  T  Z*  Su^p  f  k**?'  Mr  J*  ■»$  ^  Mov*  \  ;?•  ?5Sv  F  n  u  *40  P** 
A- r  F  lo« 


1000X 


16C0X 
FIGURE  71 

P»li$K*d  0»d  E*cF*d  C:0**  Sti!  o”  o*  1  P  !  a*1  num- 1 0  -  Rhod'w*" 
Clod  TZM  Sa-pl*  AH*-  H»a'  "q  S  Ho,.-*  2*-  SC  F  ■»  o  240  -p.<r 

Hi*»09*"  F:ow 
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FIGURE  74  Platinum  -  Molybdenum  Pha^*  Diagram  (Ref.  32) 


Li- 


100 


Temperature, 


10CX 

FIGURE  75 

Polished  and  Etched  Cress  Section  of  a  Platinum  Clad  FS-85 
Sample  Showing  an  Oxide  “Blister”  Formed  after  7  Hours  of 
Heating  at  2550 °F  in  a  240  ipm  Air  Flow 
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400  X 


FIGURE  76 

Polithed  and  Etched  Cro*»  Section  of  a  Platinum- 10% 
Rhod  ium  Clad  TZM  Sample  Showing  "Void  Area*  m 
Eofly  (Top)  and  Late  (Bottom)  S«oge*  ol  Formation  After 
Heating  5  Hour*  at  2550  F  in  a  240  iam  Air  Flow 


10? 


.High  Titanium 
Content  Surface 
Layer,  0.2  milt 


.  Platinum  -  10% Rhodium 
Coating 


1600X 


FIGURE  77 

Polished  and  Etched  Cross  Section  of  a  Platinum-IO* 
Rhodium  Clad  TZM  Sample  w.th  Focu,  an  the  Surface 

Layer  after  Heating  5  Hourt  at  2550 °F  in  a  240  ipm 
Air  Flow 
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DIAGONAL  LENGTH,  MILS 


FIGURE  78  Mtcrohordness  Values  Across  the  Cross  Section  of  o  Plotinum  Clad  FS-85 
Sample  Tested  7  Hours  of  2550  "F  in  o  240  ipm  Air  Flow 
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DIAGONAL  LENGTH,  MILS 


0.00  1.00  2.00  3  00  4.00  5.00 

distance  show  sample  surface,  mils 

FIGURE  79  Microhardneti  Values  Acrot*  tfie  Croat  Section  ol  a  Plotinum  Clad  FS-85 
Sample  Tetted  7  Hour  at  2550  F  in  a  240  ipm  Nitrogen  Flow 
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Dl  AGNONAL  LENGTHS.  MILS 
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FIGURE  80 


Coating 


Loyers 


Substrate 


_L 


_1_ 


10C  2  00  3  00  4  00 

DISTANCE  BELOW  SAMPLE  SURFACE,  MILS 


5  00 


Mtcrohardness  Values  Across  the  Cross  Section  of  o  Plctmum  Clad  TZM 
■v»ample  Tested  16  Hours  at  2550  F  in  a  240  ipm  Ai>  Flow 


106 


DIAGONAL  LENGTH.  MILS 


0  00  roc  2  00  3  00  4  00  5  00 

DISTANCE  BELOW  SAMPLE  SURFACE  MILS 

FIGURE  81  Microhordn***  Value*  A  «.rc»»  th*  Crot*  Sectioned  o  PlotmuTi  Clad  TZM 
Sampl*  Teited  16  Hour*  a*  2 550  F  m  a  240  10m  Nitrogen  Flow 
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DISTANCE  BELOW  SAMPLE  SURFACE,  MILS 


FIGURE  82  Microhardness  Values  Across  the  Cross  Section  of  a  Platinum-10% 
Rhodium  Clad  FS*85  Sample  Tested  6  Hours  at  2550  F  in  a  240  ipm 
Air  Flow 
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DIAGONAL  LENGTH,  MILS 


0.00 


DISTANCE  BELOW  SAMPLE  SURFACE,  MILS 

FIGURE  83  Mircohardness  Values  Across  tho  Cross  Section  of  o  Plot>rum-10% 
Rhodium  Clad  FS-85  Sample  Tested  6  Hours  at  2550 op  in  a  240  ipm 
Nitrogen  Flow 
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FIGURE  84 


Coating 


Substrate 


-  ■  i  — 

1.00  2.00  3.00  4.00 

DISTANCE  BELOW  SAMPLE  SURFACE,  MILS 


_J _ 

5.00 


Microhardness  Values  Across  the  Cross  Section  of  a  Platinum-10% 
Rhodium  Clad  TZM  Sample  Tested  7  Hours  at  255C°F  in  a  240  ipm 
Air  Flow 
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FIGURE  85  Microhordness  Values  Across  tha  Cross  Sectionof  o  Plotinum-10^ 
Rhodium  Clad  TZM  Sample  Tested  7  Hours  at  2550  F  in  a  240  ipm 
Nitrogen  Flow 
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Upper  coating, 
platinum 


Diffusion  barrier 
coating 

Refractory  bate  metal 


t-6W*r  coating, 
platinum 


Sample 


Inntr  grophit* 
plat* 


FIGURE  88  CroM  Section  of  o  Hot  Roll  Bonded  Composite  Consisting  of  o 
Platinum- 10%  Rhodium  Costing,  o  Rhonium  Intormodioto  layer 
(Broken  Up),  ond  an  FS-85  Substrate 
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